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ABSTRACT 
Fiber optic laser anemometer systems capable of measurements 
in two-phase bubbly flows have been developed. These instruments 
m 
have great potential for use in the many two-phase flow research 
areas associated with nuclear reactors and other power generating 
systems. Multimode graded-index optical fibers were used to 
transmit both the illuminating light from the laser to the point 
of measurement,and the scattered light to the photodetector. The 
use of such optical fibers allowed miniaturization of the 
anemometer and remote measurements from the laser and photodetec- 
tor. 
The two optical geometries developed in this work were the 
prism-fiber optic Doppler anemometer and the Dot-fiber optic 
Doppler anemometer. Single phase axial velocity and turbulence 
intensity distributions measured with these anemometers showed 
Q good agreement with emperical power law profiles, the classical 
data of Laufer and data taken with a conventional LDA in the same 
flow. 
The anemometers were also used to make axial velocity and 
turbulence intensity measurements in two-phase flows of varying 
quality. The results indicate that when the anemometers are 
used in conjunction with the described data acquisition techni- 
ques, measurements of the individual phases in two-phase air 
-1- 
water flow in the bubble flow regime are possible. 
Comparison of water velocity and turbulence intensity data 
taken with the fiber optic anemometers to that taken with the 
conventional LDA in the same flows were found in good agreement. 
However, when compared to profiles reported in the literature, 
taken at similar conditions, there were definite discrepencies. 
The velocity profiles differed in the wall region, and the tur- 
bulence intensity profiles from the literature were higher than 
the present experimental values. These discrepencies were attri- 
buted to the difference in relative bubble diameters used in the 
two experiments. 
The resulting velocity and turbulence information indicates 
an increase in mainstream turbulence with increasing flow quality. 
This increase in turbulence is associated with increased mixing 
and, hence, better momentum transfer, manifesting itself in a 
more uniform velocity profile. 
Axial bubble velocity measurements were conducted in the 
same flows. These velocity measurements were verified using a 
.-high speed television system. The average uncertainty was less 
than 4 percent. 
The results given here show that the slip velocity could 
indeed be measured without actually disturbing the flow.' The 
maximum local slip ratio (u /u ) obtained was approximately 1.4, 
V   X/ 
at a quality of about 8xl0~5. 
-2- 
1. Introduction 
Two-Phase flows occur in nuclear reactors and other power 
generating systems under normal as well as off-normal conditions. 
Safe engineering of these systems requires the study of two-phase 
flows in great detail. Parameters of interest in safety-related 
research include void fraction, vapor quality, velocities of the 
two phases, temperatures of the two phases, as well as various 
transport coefficients. The work presented here deals with the 
measurement of the phase velocities in two-phase flows in the 
bubbly flow regime. 
Laser Doppler anemometry has been used for a decade or so 
to measure velocities in single-phase systems in a variety of 
conditions and configurations. This non-intrusive measurement 
technique consists of detecting the Doppler shift in frequency 
of the light scattered from a particle moviag with the fluid. 
This measurement is best accomplished with the use of laser 
light, due to the extremely small bandwidths involved. The 
Doppler shift can be determined by heterodyning Doppler shift- 
ed and unshifted light on a photodetector. Alternatively, the 
frequency shift may also be detected by monitoring the passage 
of particles through interference fringes. The general prin- 
ciples of laser anemometry described above can also be used 
for the measurement of velocities in two-phase flows. 
o 
One of the major hinderances to the full utilization of 
laser anemometry in two-phase flows is the problem of optical 
access. The geometries of interest are often very  complex and 
require the use of opaque materials. Nuclear fuel rod bundle 
geometries in many situations have especially poor optical ac- 
cess. This is particularly true for bubbly flows, where the 
bubbles may act as undesirable scattering centers. 
A laser anemometer using optical fibers is proposed as a 
possible solution. The optic fibers can be utilized to trans- 
mit both illuminating and scattered light past undesirable in- 
terferences, thus improving optical access. Such an anemometer 
could be used for the measurement of gas-liquid two-phase flows. 
This work is concerned with the feasibility and development 
of working anemometers. In particular, the following aspects 
of fiber optic laser anemometry are investigated. 
Ability to efficiently couple into and propagate light 
through a fiber optic system while preserving spatial 
coherence. 
. Ability to collimate and focus light at the optical 
fiber exit. 
. Ability to detect sufficient scattered light to permit 
velocity measurement. 
. Ability to successfully link the laser to the integrated 
-4- 
transmission optics and, the integrated collection optics 
to the detection system in a conventional LDA system 
with optical waveguides. 
Comparison of various fiber optic anemometer modes of 
operation. 
Construction of a fiber optic laser anemometer incorpo- 
rating non-conventional optics which lead to system 
.     miniaturization. 
. Check applicability of prototype system to single-and 
two-phase flows. 
. Determination of appropriate signal processing scheme 
for efficient two-phase signal interpretation. 
These topics are discussed in detail in the rest of the 
report. 
2.  LASER-DOPPLER ANEMOMETRY 
2.1 Introduction 
There are a large number of situations which arise in engin- 
eering that require the measurement of certain properties and par- 
ameters without any physical contact. Over the last two decades 
many optical measuring techniques have been developed which are 
capable of such non-invasive measurements. Some of these optical 
techniques provide spatial intensity distributions while others 
give these intensity distributions together with phase distribu- 
tions of the scattered light. The latter of the two*represented 
by the formation of interference patterns, is the basis of a \ 
method developed to measure the velocities of fluids and parti- 
cles, called laser-Doppler anemometry. 
'■ Interference patterns can be formed in three modes in laser- 
S 
Dofcpler anemometry. They are the dual-beam, reference-beam, and 
dual-scattered beam modes. In all of the above, the laser- 
Doppler anemometer consists of a coherent light source, optical 
arrangements to transmit and collect light, a photocathode and 
a signal processing arrangement. Figure 2.1 represents a typi- „ 
cal laser-Doppler anemometer (LDA) and identifies these various 
components. 
It is the purpose of this chapter to present the theory 
related to the Doppler shift in scattered radiation and how it is 
-6- 
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used    in     laser-Doppler anemometry.    Also included in this 
discussion are some of the optical  arrangements,  signal  pro- 
cessing methods and scattering particles used in laser-Doppler 
'anemometry. 
i* 
2.2 The Doppler Effect 
Consider a source which emits acoustic or electromagnetic 
waves at a constant wavelength. If this source is put in motion, 
the wavelength of these waves as seen by a fixed observer will 
iffer from that wavelength observed if the source had remained 
stationary. The waves sent out in the direction of translation 
of the source are shortened, and, in the opposite direction, 
lengthened. Hence, with no change in the wave propagation velocity, a 
stationary observer will perceive a frequency which is larger 
or smaller than that of the source. On the other hand, if the 
source is at rest and the observer is in motion, a change in 
frequency is observed but for a different reason. In this case, 
there is no change in wavelength, but there is a change in the 
observed frequency of the impinging wavefronts due to the rela- 
tive velocities of the waves with respect to the observer. In 
each of the above cases, this change in frequency or "Doppler 
shift", vD is proportional to the velocity and may be written 
as, 
-8- 
v   a 
where v is the relative speed of the source, v is the frequency 
of the waves emitted by the source, and a is the wave propaga- 
tion speed. 
For acoustic waves, a is the speed of sound and v /a is the 
Mach number. For many acoustical sources the "Doppler shift" 
frequency is of the same order of magnitude as the frequency 
v and much larger than the source bandwidth and thus is•readily 
detectable. 
However, with light and other electromagnetic waves, the 
wave propagation speed, c, is much larger in magnitude causing 
v /c to be much less than unity for most cases of interest* The 
change in frequency will then be very small when compared to the 
source frequency and difficult to detect. Conventional monochro- 
matic light sources such as the mercury lamp have very large band- 
er 
widths. These bandwidths are on the order of 10 Hz, consider- 
ably larger than "Doppler shifts" corresponding to nominal 
speeds. Thus, detection of the "Doppler shift" for moving objects 
illuminated by conventional monochromatic light sources is 
extremely difficult if not impossible. Laser light, on the other 
hand, is a source of very  intense coherent radiation of much 
smaller bandwidth (on the order of 10 Hz). Although the change 
-9- 
in frequency of the scattered laser light, due to the particle 
motion is still quite small, it is usually l_arge when compared « 
to the bandwidth and is thus detectable by heterodyne techniques. 
The use of such a doppler technique in making fluid velocity 
measurements was first suggested and successfully demonstrated 
by Yeh and Cummings [2.1] in 1964. They measured the fluid 
velocities in a fully-developed laminar flow in a round tube 
by measuring the doppler shift in the light scattered by par- 
ticles suspended in the flow. 
2.3 Optical Arrangements 
As was mentioned earlier, the optical arrangements employed 
in laser anemometry can be subdivided into the following three 
categories: 
1) Reference-beam mode (local-oscillator) 
■ 2) Dual-beam mode (fringe model) 
3) Dual-scatter mode 
These three basic "modes" of operation of the laser anemometer, 
and some of the related theory for each are presented below. 
2.3.1 Reference Beam 
The "Doppler effect" for scattered waves is somewhat dif- 
ferent from the effect for emitted ones. To demonstrate this, 
■10- 
consider monochromatic radiation of wavelength x•, and speed c, 
emanating from a stationary source as shown in Figure 2.2. The 
radiation propagates in the direction defined by the unit vector 
n- and illuminates a particle having a velocity V. It can be 
shown [2.2] that a fixed observer, stationed in the direction 
towards which this moving particle is scattering radiation, will 
detect a change in frequency Vr, from the original incident fre- 
quency v given by: 
vn4" (ne„-n,) (2.1)" D  X-j   v sc l 
where: 
nsc = unit vector ln tne direction of scattered light 
n- = unit vector in the direction of incident light 
n  = index of refraction of medium 
\j    = wavelength of laser light in medium 
vD = Doppler frequency 
V  = velocity vector 
From equation (2,1) it is seen that, if the positions of 
the emitter and receiver are fixed, the detected shift in fre- 
quency will yield the component of the velocity given by 
(nsC-n\- )• From this expression it is apparent that, for V<<C, 
the frequency vr, will be quite large. In practice, it is so 
large that it can not be measured directly with a photodetector 
■11- 
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and normal electronics instrumentation. Optical heterodyne tech- 
niques must be used to detect this shift in frequency. This 
consists of using a photomultiplier tube to mix the scattered 
("Doppler shifted") beam with an unscattered beam (reference beam) 
from the same laser to generate a current v/hose a.c. component has 
a frequency equal to the difference frequency vD. 
A schematic of a widely used arrangement for making velo- 
city measurements with a laser anemometer operating in the 
reference-beam mode is shown in Figure 2.3. In this mode of 
operation, the laser light is split into a scattering beam and 
a much weaker reference beam. These two beams are then focussed, 
by a common lens, to a point of intersection entitled the 
volume of measurement or control volume. The Doppler shifted 
light, scattered from particles passing through this measurement 
volume, is heterodyned with the reference beam at the photo- 
multiplier tube. As was stated earlier, the output of the photo- 
multiplier tube will be the difference frequency vD. Knowing 
vD, and the optical geometry, it is possible to calculate the 
particle velocity using Equation (2,1). 
For the geometry pictured in Figure 2.3, Equation 2.1 
reduces to: 
2Vi sin<}> 
vD = — (2.2) 
■13- 
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As Equation (2.2) indicates, the only component of the 
velocity measured using this arrangement is that normal to the 
optic axis of the system. It should be noted that 180° ambiguity 
exists. That is, reverse flow can not be differentiated from 
forward flow. 
There are two major parameters which must be considered 
in designing this anemometer system. One is the volume of measure- 
ment and the other is the detector aperature. The measuring 
volume is approximately of the shape shown in Figure 2.4. The 
dimensions of this volume can be written as [2,3.2.4]: 
d. 
A = l m  sinc|> 
(2.3) 
where 
and 
m  cos<j> 
■ _ 5xf 
Q£   TTD 
f = focal length of transmitting lens 
D = initial diameter of the laser beam 
d£ = diameter of the laser beam at the focal point 
<f> = one-half the intersection angle 
l    =  length of measuring volume 
dm = width of measurinq volume m J 
X = wavelength of incident light 
The aperature, which is  located in front of the photodetector 
(Figure 2.3),  insures that only light from the beam crossing 
point is incident on the photo-tube, thus increasing the signal- 
to-noise ratio.    In addition to improving the signal-to-noise 
-15- 
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ratio, the existence of such an aperature prevents the generation 
of invalid Doppler signals that may be created by the mixing of 
light scattered from particles passing through the two beams 
and from points other than the control volume. The nominal 
aperature size to be used in reference-beam systems can be given 
as [2.5]: 
dA = dm -* (2.4) 
where 
dn = diameter of the aperature 
F = focal distance from point of measurement to 
collection lens 
F« = focal distance from collection lens to the 
photodetector aperature 
d  =width of measuring volume 
m ^ 
The direct dependence of signal-to-noise ratio in laser- 
Doppler signals on particle concentration was theoretically 
demonstrated by Drain [2.6]. These theoretical results demon- 
strated that reference beam anemometers yield better signal-to- 
noise ratios than other optical arrangements at high particle 
concentrations. 
2.3.2 Dual-Beam 
A laser anemometer operating in the dual-beam mode was  « 
first proposed by Rudd [2.7]. The dual-beam anemometer, which 
is generally the easiest to use and gives the best signal-to-noise. 
-17- 
ratio, is best described in terms of the fringe model. When 
two coherent light beams of equal intensity are focused to a 
point, they interfere constructively and destructively at the 
point of intersection to construct a fringe pattern similar to 
the one shown in Figure 2.5. A particle passing through this 
crossing point goes through regions of ^ery  low and high 
intensities. The distance between these high and low intensity 
regions, called the fringe spacing (d.), can be given as [2.3]: 
df = 2iW (2'5) 
A photodetector, positioned in a way that only light 
scattered from particles passing through the measuring volume 
is incident upon it, will generate an output similar to that 
shown in Figure 2.6. The frequency of the sinusoidal intensity 
fluctuations, Vp will be proportional to the component of the 
velocity perpendicular to the fringes and inversely proportional 
to the fringe spacing. 
Since the time taken for a particle to travel the distance 
^ 
is d- 
the frequency of the photodetector signal will  be 
Vl 
vD = j = 2 — sin a    . (2,6) 
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This is the same result as Equation (2.2) which was obtained 
for a particular optical arrangement of the reference-beam mode. 
As with the reference-beam arrangement, only the wavelength of 
the light and the intersection angle are required for inter- 
preting the frequency in terms of the velocity. In this mode, 
as with the reference-beam mode, 180° ambiguity exists. There 
is, however, a major distinction between the reference-beam 
mode and the dual-beam mode. As Equation (2.6) indicates the 
frequency output of the photodetector is independent of the 
position of the receiver in the dual-beam mode and, is only 
dependent upon the angle of intersection, the wavelength of the 
incident radiation and the particle velocity. 
Figure 2.7 is the schematic of an optical arrangement that 
was widely used for dual-beam laser anemometry. The laser beam 
is first split into two parallel equal intensity beams. These 
beams are focused to a point by a common lens. The receiving 
optics is placed in line with the focusing optics so that the 
maximum amount of scattered light may be collected. 
^The parameters which must be taken into account when design- 
ingsuch a dual-beam laser anemometer system include the 
measurement volume, aperature size, and the number of fringes 
in the control volume. The dimensions of the measuring volume, 
and the aperature size for the dual-beam anemometer are identi- 
cal to those  for   the reference-beam system given earlier 
-21- 
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by Equations  (2.3) and  (2.4)  respectively.    The number of fringes 
in the control  volume is the maximum number of Doppler cycles 
(see Figure 2.6)  a single particle is liable to generate in its 
passage through the crossing point.     Knowledge of the number of 
fringes is important in choosing an appropriate signal   processing 
scheme for the system and will be discussed in more detail   later. 
The number of fringes  in the control  volume can be given as 
[2.5]: 
N*. = JM (2.7) fr       IT   D 
where 
d = one-half the separation distance between 
the two beams at the beam splitter 
D = initial diameter of laser beam 
2.3.3 Dual-Scatter 
In the discussion of the reference-beam mode it was stated 
that light scattered from a moving particle would be shifted 
in frequency from the incident radiation frequency by vD, 
This frequency shift, given by Equation (2.1), is dependent 
on the propagation direction of the incident light and the 
direction in which the scattered light is collected. If the 
reference beam in that system  is  replaced by scattered light 
collected from a second scattering direction a similar situation arises 
•23- 
when the two beams are heterodyned at the photodetector. In 
this case, when the scattered beams are combined, the relative 
phase of their wave fronts depends on the distances of the par- 
ticle from each light collecting aperature; hence, as the par- 
ticle moves across the beam, the scattered light beams inter- 
fere constructively and destructively leading to a fluctuating 
light intensity at the photodetector.   This fluctuating 
intensity has a frequency vQ which is [2.4,2.5] 
^  " T- ■  ("scr"sc2» <2-8> 
where the subscripts 1 and 2 indicate the directions in which 
the light is collected. Equation (2.8) indicates that the 
direction of measurement is determined by the vector (n -,-n ?) 
An optical arrangement used for making velocity 
measurements by use of the dual-scatter mode is shown in Figure 
2.8. In this arrangement a single focused laser beam is direc- 
ted into the flow. Light scattered by a particle passing 
through the beam is collected in two directions located sym- 
metrically about the optical axis of the system. When the 
scattered radiation is collected in this manner, Equation (2.8) 
reduces to 
2V, sincf) 
vD= — (2.9) 
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which is the same as was obtained for the reference-beam 
system. 
In addition to the aperature in front of the photodetector, 
two other aperatures are required in this dual-scatter system. 
These aperatures, which are located directly behind the light 
collecting lens (Figure 2.8), are light collecting aperatures 
whose positions determine the directions of measGrement and 
hence, the velocity component being measured. In order that 
interference will occur at the photodetector, the dimension of 
these aperatures must be chosen such that spatial and temporal 
coherence is maintained between the two scattered beams. This 
is accomplished by satisfying the following relation. 
D <^ (2.10) 
The dimension of the photodetector aperature, which is the 
same as ^that used in both the reference-beam and dual-beam 
systems, is given by Equation (2.4). 
2.4 Signal Processing Systems 
2.4.1 Photodetector output signal characteristics 
The output Doppler signal of a laser anemometer photo- 
detector is generally of the form indicated in Figure 2.6. 
This output consists of high frequency oscillations superimposed 
-26- 
/ / 
upon a signal of lower frequency. The low frequency signal 
(pedestal) corresponds to a particle passing through one or 
both light beams. The high frequency oscillations, which are 
grouped in wave pockets, bear relation to the velocities of 
particles passing through the region of beam intersection. 
The frequency of the signal in each "Doppler burst" (envelope) 
is usually constant due to the short time it takes for a par- 
ticle to pass through the measuring volume. The frequency 
can, however, change from burst to burst, making it necessary 
to measure the frequency of the signal contained in each enve- 
lope. This frequency variation is generally low in laminar 
flows, and higher in turbulent flows where the magnitude of 
these fluctuations in frequency will depend on the turbulent 
intensity of the flow. The photodetector output is generally 
high pass filtered before any further analysis in the signal 
processing unit. This helps in eliminating the low frequency 
pedestals and other noise. The resulting signal is similar to 
that in Figure 2.9.  The cut off frequency for filtering must 
be chosen so as not to lose useful information. In cases 
where the pedestal frequency is \/ery  close to the required 
signal frequency other techniques [2.8,2.9] must be used for 
pedestal removal. 
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Some of the other characteristics of the Doppler velocimeter 
signal which are of importance in choosing a signal processing 
system are: 1) the variation of the modulation depth of the 
envelope with particle size and position in the measuring 
volume, 2) the intermittent nature of the signal and effect of 
particle concentration on the presence of the signal, 3) the 
number of cycles in each burst which may be equal to or greater 
than the number of fringes in the measuring volume. This num- 
ber depends on whether one or more particles pass through the 
control volume at any one time, and 4) noise arising from 
various sources including electronic and shot noise. 
\ 
2.4.2 Processing Systems 
Methods used for processing the photodetector output sig- 
nal include: 1) spectrum analysis, 2) frequency-tracking demodu- 
lation, 3) counting, 4) filter banks, 5) photon correlation 
spectroscopy and, 6) optical frequency analysis. 
The choice of signal processing method is highly dependent 
upon the flow properties to be measured, the precision with 
which these properties must be measured, the particle concen- 
tration in the flow, the turbulent intensity of the flow and 
the signal-to-noise ratio of the photodetector output signal. 
The two most widely used processing systems are frequency 
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tracking^demodulation and counting. The principles of operation, 
advantages and disadvantages of these two methods are discussed 
below. 
The major components of a frequency tracking demodulator 
are given in Figure 2.10. The signal from the photodetector, 
after passing through a high pass filter, is mixed with the 
output of a voltage controlled oscillator (VCO). The output 
frequency of the VCO (vy^) is adjusted, either manually or 
automatically, until the output of the mixer is approximately 
zero, i.e. the output frequency of the VCO is essentially 
equal to the photodetector output frequency vD. Since the 
Doppler frequency changes from burst to burst the output of 
the mixer is usually different from zero. This frequency 
difference (vQ-^yrn) is converted to an analog voltage and then 
added to the voltage of the VCO giving a total voltage which 
is linearly proportional to the Doppler frequency vR [2.10, 
2.11]. The availability of this real-time signal (Figure 2.11) 
allows the continuous measurement of instantaneous velocities 
and turbulence energy spectra by using analog filtering, squar- 
ing and averaging electronics. The tracker output is generally 
used as a continuous signal despite the fact that the input sig- 
nal from the photodetector is in principle discontinuous. This 
discontinuity in the input signal leads to periods of "drop-out" 
-30- 
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when the tracker has no acceptable signal to trigger on. 
"Drop-out" is a problem even in flows of high particle conce- 
tration and, hence,  additional electronics must be used to 
avoid erroneous velocity statistics [2.10].    The electronic 
components of the frequency tracker impose two important restraints 
on the applicability of this type of signal processor.    They are: 
1) an upper limit exists for the instantaneous Doppler fre- 
quency of 20 MHz [2.4] and 2) the maximum turbulence intensity 
of the flow can not exceed 30% [2.12, 2.13]. 
To explain the basic principles of counting methods,  con- 
sider the'bandpass-fi Itered photodetector output signal of 
Figure 2.9.       Each burst contained in this signal exists for 
a time At and contains several signal cycles.    A counter-processor 
measures the duration, Atn, of a predetermined number, N, of 
signal cycles contained in the burst.    The frequency can then 
be determined from the above period information according to the 
formula: 
_    N 
D
     *n 
In principle it is possible to measure the signal frequency 
within a burst by timing the period of one oscillation. 
However, the inherent noise present limits the accuracy of 
these single period measurements. Errors in these period 
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measurements can be reduced by timing many signal cycles [2.4]. 
Therefore, for maximizing the accuracy of the measurement all 
signal cycles in the burst should be timed. The error in the 
measured frequency of the signal is predominantly dependent 
on the exactness with which the duration of N cycles within the 
burst has been measured. Hence, the frequency of the electronic 
clock should be much larger than the Doppler frequency and the 
gating should be started with the first zero crossing and stopped 
with the last. Most commercial counters are equipped with 
several features for improving the accuracy of measurements. 
They are the amplitude discriminator, adjustable trigger level, 
choice of the number of cycles in a burst, and data validation 
logic [2.13, 2.14]. Errors in measurements can be introduced 
by including Doppler signals originating from large particles 
in the flow which are unable to follow the fluid velocity. 
These larger particles generally scatter more light than smaller 
particles and therefore generate pedestals which are larger in 
amplitude than those corresponding to smaller particles. These 
larger undesired signals can be eliminated by using an ampli- 
tude discriminator between the photodetector and the band-pass 
filter to reject signals of amplitudes larger than a predeter- 
mined value. In the absence of "Doppler bursts" the signal 
is composed of inherent noise due to the dark current of the 
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photodetector, and stray light reaching the photocathode. The 
counting of zero crossings during the presence of this noise can 
render the period measurements meaningless. This problem can 
be eliminated by adjusting the trigger level. The trigger level 
is an arbitrarily chosen level, which the amplitude of the N 
consecutive cycles of the burst must exceed in order for the 
burst to be considered a valid Doppler signal. The number of 
cycles in a Doppler burst is a function of the dimensions of 
the measuring volume and is dependent upon the optical geometry 
of the anemometer system being used. Thus, to be useful in 
the various anemometer modes and geometric arrangements, the 
number of cycles per burst timed by the counter processor is 
made a variable. Another important feature of the counter type 
Doppler burst processor is the data validation technique for 
rejecting erroneous values. The data validation logic compares 
the time for N cycles with twice the time measured for N/2 cycles, 
The two must be within a certain percentage for the data point 
to be validated and accepted. 
One of the outputs of the counter processor is an analog 
voltage proportional to the time period for N cycles. The 
measurement of time averaged quantities from this output can 
be achieved without major problems with on-line data processing 
[2.15, 2.16], Some processors provide data output in digital 
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form also for on-line data processing with computers. 
2.5    Light Scattering Particles 
The operation  of a laser-Doppler anemometer depends on 
signals originating from particles in the flow.    These light 
scattering particles must satisfy several  basic requirements 
for the information obtained from the resulting signals to be 
considered reliable.     These particles must: 
1) scatter sufficient light to produce measurable 
signals 
2) follow the flow with adequate reliability 
3) be present in desirable numbers and, 
4) be able to survive the flow environment. 
For light scattering,the various scattering processes to 
be considered are Rayleigh  (molecules), Thompson  (free electrons) 
and Mie (micron-size particles)  scattering    [2.4].    The 
cross-sections for these processes indicate a need for particles 
in the flow which are much larger than molecules.    Calculation 
of the signal-to-noise ratio for each of these processes 
[2.17] confirms the above statement that the Mie scattering 
process is the only process for which the scattering is  large 
enough for the purposes of laser-Doppler anemometry. 
In general,   liquids,  tap water for example,  contain suffi- 
cient particles of appropriate size for LDA purposes and require 
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artificial  seeding only when  the particle size distributions need 
to be controT,ed.    Gases, on the other hand,  do not contain suf- 
ficient numbers of scatterers and the addition of particles to 
the flow is a necessity for velocity measurements.    Size limita- 
tions for seeding particles have been obtained through so!utions 
of particle motion equations [2.18,  2.19,  2.20].    The solu- 
tion of the particle motion equation gives a measure of a par- 
ticle's ability to follow the fluid velocity.    This  "ability" is 
a function of the particle size and shape,  its relative density 
to that of the fluid and its concentration in the flow.     For 
example,  it is recommended [2.19,  2.20] that for seeding air, 
silicone droplets be used which are no larger than 2.6 ,m ,„' 
diameter for low speed flow and  .8 m is diameter for high 
speed flow.     In liquid flows that requl>e ^.^  ^ ^ 
recommended to keep the seeding particles smaller than 3 Pm. 
The maximum permissible concentration of particles 
added to the flow is fixed by light attenuation  [2.21], damping 
of turbulence [2.22] and deterioration of the signal-to-noise 
ratio [2.23].      The minimum concentration is determined by 
the signal  processing system X? ?A1      T„ „-,    n y system U.24J.     In gas flows,the recomnended 
seeding particle concentration  is of the order of 1010 - 1011 
per M3 [2.25].    i„ seeding liquid flows, the reconmendGd 
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concentration   is between 1:2000 and 1:50,000 by volume 
[2.26,  2.27]. 
V 
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3.  FIBER OPTICS 
3.1 Introduction 
The conduction of light along transparent cylinders by 
internal reflection is a very  old and frequently observed 
phenomenon. The artistic use of "light pipes" dates back to 
the glassblowers of ancient Greece and Venice who employed them 
in the fabrication of decorative glassware and to the Pales- 
tinians who made use of them in the construction of glass 
mosaics in the first century B.C. [3.1]. The first recorded 
scientific demonstration of the phenomenon was given by John 
Tyndall in 1854 [3.2]. In this demonstration at the Royal 
Society in England, Tyndall used an illuminated vessel of water 
to show that, when a stream of water was allowed to flow through 
a hole in the side of the container, light was conducted 
along the curved path of the stream. The guidance of this 
light was achieved by causing it to be multiply reflected at 
the dielectric interface between the water and the air, the 
air being the material of lower refractive index. 
Practical applications of this phenomenon did not emerge 
until the early twentieth century when efforts were made in 
both England [3.3] and the United States [3.4] to use uncoated 
silica fibers as image transferring devices. Three years later 
in 1930 plastic channels were used to provide illumination in 
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medical   inspection  instruments,  and quartz fibers were used to 
transmit images in gastroscopy [3.5].    The fibers used in the 
above mentioned cases were uncoated,  leading to large losses and 
hence low efficiency,  making the extensive use of such fibers 
impractical.    This problem of low reflection efficiencies was 
partly resolved in the early 1950's  [3.6, 3.7] by coating the 
fibers with a solid sheath of lower refractive index,  thereby 
protecting the reflecting surface.     This protective sheath was 
first constructed of plastic and still  allowed large losses of 
light.     In the following year,  1958,  the development of the 
glass-coated glass fiber [3.8] greatly reduced the light loss 
problems encountered with the plastic-coated glass fiber.    The 
glass-coated  (step-index)  fiber was the standard optical  element 
used in fiber optics until the late 1960's when the graded- 
index fiber was developed [3.8].     In the graded-index fiber,  the 
light rays are not guided by internal   reflection but travel  in 
smooth paths bending towards the core axis due to a varying 
index of refraction.    With most of the basic development com- 
pleted,  the major emphasis has since been on applications of 
the technology.    These applications range from the simple 
transportation of light for illumination purposes to the 
complicated technology involved in the transfer of audio-visual 
information. 
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In this chapter the basic operating principles and para- 
meters of both the step- and graded-index fibers will be dis- 
cussed, followed by a study of the application of fiber optics 
to laser-Doppler anemometry. 
3.2 Step-Index Fiber 
The mechanism of light propagation along a step-index 
fiber can be entirely understood through a rigorous analysis 
involving the electromagnetic field solutions to Maxwells' 
equations and the associated boundary conditions. However, the 
bulk of this material can also be adequately explained by using 
the much simpler ray theory and the principles of geometrical 
optics. This simpler approach will be used here with occasional 
references to electromagnetic wave theory when necessary. 
In the late 19th century, it was demonstrated by Foucault 
and later Michel son that the propagation speed of light through 
an optical medium varies from medium to medium. A measure of 
this variation is given by the refractive index of a material, 
which is defined as the ratio between the speed of light in a 
vacuum and the speed of light in the madium: n = ^ 
where 
c = speed of light in vacuum 
v = speed of light in medium. 
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Whenever a ray of light is  incident on the plane-boundary 
separating two media of differing refractive indices,  part of 
the ray is reflected back into the first medium and the remain- 
der is  refracted (bent in its path)  as  it enters the second 
medium (Figure 3.1).     The directions taken by these rays can 
best be described by two well-established laws of nature. 
The first of these laws states that the reflected ray will 
leave the interface at exactly the same angle that the incident 
ray strikes the surface.    Thus, for all  angles of incidence 
angle of incidence = angle of reflection. 
The path of the refracted ray is governed by Snell's 
law of refraction, which states that the sine of the angle of 
incidence (Figure 3.1) and the sine of the angle of refraction 
bear a constant ratio to one another,  given by: 
sin <f> no 
1
    "      
L (3.1) 
where 
sin <J>2 n 
<j>    = angle of intersection of the incident ray w.r.t. 
the perpendicular 
<j>2 = angle of refracted ray w.r.t the perpendicular 
n-,  = index of material  containing the incident ray 
n~ = index of material  containing the refracted ray. 
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Consider the case in which medium one (Figure 3.1) is 
optically dense (high refractive index) compared to medium two. 
As the angle of incidence of the ray increases, the angle of 
refraction will also increase until the refracted ray takes a 
path parallel to the surface (Figure 3.2). This is the critical 
angle of incidence, $    given by 
-1 n2 , 
<0C = sin  ^ (3.2) 
Any ray incident on the interface at an angle greater than the 
critical angle will be totally internally reflected (Figure 3.3) 
The step-index fiber of Figure 3.4 consists of a core of light 
transmitting material of refractive index n-, surrounded by a 
cladding or optical insulating material of lower refractive 
index no. The optical fiber system, consisting of the media of 
indices n-, and n2, is surrounded by a media of refractive index 
n . A light ray entering the fiber system from the medium of 
index n will be totally internally reflected at the interface 
between media one and two only when the entrance angle, e meets 
the requirement, 
sin ec < ~ (n^2 - x\*)    , (3.3) 
o 
which is obtained from the application of Equations (3.1) 
and (3.2) to the system of Figure 3.4 [3.9]. Therefore, only 
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light entering the fiber at an angle less than e will be 
accepted and transmitted down the fiber core. The half-angle 
of the acceptance cone (Figure 3.5) or "numerical aperature" 
is defined from Equation (3.3) as 
N.A. = n0 sin e = (n-. - n?2) (3.4) 
where: 
n = index of surrounding medium 
o 3 
n-, = index of core 
n? = index of cladding 
8    = acceptance cone half-angle. 
Field-analysis calculations show that, although light 
energy enters the fiber end surface at an infinite number of 
angles which lie within the acceptance cone of the fiber,  the 
propagating energy is distributed among a discrete set    of super- 
posed field solutions called modes.    These modes are a result 
of destructive interference between the electromagnetic fields 
within the core.    Thus,  light can be propagated within the core 
of the fiber only at certain modes or angles of internal   reflec- 
tion.    The number of propagating modes  an    optical  fiber 
will  support can be approximated from the mode volume formula 
[3.10] as 
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N
 
=
 \=\^    (n/ - n22) • {3'5) 
A step index fiber that accommodates more than one such mode 
of propagation is known as a multimode step-index fiber. 
The higher order modes in a multimode fiber are those rays 
which enter the fiber end face at higher angles. These higher 
order modes have longer distances to travel than lower order 
modes which also propagate along the fiber. Consider a ray 
which enters the fiber at a large angle of incidence and another 
that enters the fiber parallel to the core axis. If both rays 
enter the fiber at the same instant, the peripheral ray will 
arrive at the exit end of the fiber after the axial ray. This 
temporal delay in the arrival time of these two rays causes a 
modulated light pulse to broaden as it travels down the fiber. 
Such pulse broadening is called modal dispersion (jp) and is an 
undesirable effect particularly for digital signal transmission, 
where it results in intersymbol interference. It is apparent 
from the above that,the dispersion increases directly with the 
length of the fiber [3.11]. Thus, for the multimode step-index 
fiber to be used in long distance applications, modal dispersion 
must somehow be reduced. This is done by decreasing the mode 
volume (Equation (3.5)), and can be accomplished in one of 
three ways: reduction of the core diameter, increase the 
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wavelength of propagating energy or decrease the difference 
between the core and cladding indices. 
It has been shown that,  if the core diameter is decreased 
until   V < 2.405,  only a single mode  (axial   ray)  can propagate 
[3.10]. A fiber fitting such a specification is a  single 
mode step-index fiber.    This single mode fiber exhibits little 
modal   dispersion.    While the use of single mode fiber is a 
desirable solution to modal  dispersion,  its use is limited due 
to large input-coupling losses.    These input-coupling  losses 
occur at the source-fiber interface and arise from the diffi- 
culties associated with projecting light into a very small 
core.    To remove the small-core-size-constraint, a good alter- 
native would be to make the ratio n,/n2 as close to one as pos- 
sible.    This, however,  introduces another source of input-coupling 
loss    due to the decrease in the acceptance cone half-angle 
resulting from the reduced difference between n,  and n2-    The 
last alternative for decreasing the modal  dispersion in the 
multimode step index fiber is to increase the source wavelength. 
As it turns out,  this is not an acceptable solution either, 
since an increase in source wavelength results in an  increase 
in attenuation due to absorption in the glass, resulting from 
the presence of contaminants  (OH    and other radicals) within 
the core glass.     For system bandwidth requirements beyond the 
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capability of the multimode step-index fiber or,  if the power 
transmission requirements can not be satisfied with a single 
mode fiber,  the graded-index fiber,  as described below, cap 
be used. 
3.3    Graded-Index Fiber 
The path of a light ray propagating along a graded-index 
fiber will not,  in general, be a straight line or lines of 
internal reflection,  but, a periodic oscillation about the 
fiber axis.    To illustrate this, consider a light ray propa- 
gating through a graded fiber where the refractive index, n(r), 
is a decreasing function of radial distance, r, from the axis 
(Figure 3.6).    A generalized Snell's law applied to this situ- 
ation gives [3.9] 
n(r-j) cos (h = n(rp) cos <j>2 = n(r) cos<j> (3.6) 
where: 
<j> = angle the ray makes with the axis 
n(r) = radial variation in refractive index. 
Equation (3.6) indicates that, as the light ray travels away 
from the axis into regions of lower refractive index, it must 
be continually bent back towards the axis. If guidance is 
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achieved, at some point the ray will be parallel to the axis. 
This point corresponds to the maximum radial excursion of the 
ray, and is designated by R. The ray then turns back upon the 
axis beginning its periodic oscillation about the axis as it 
propagates along the fiber. 
If the ray is incident on the fiber end face at an inter- 
nal angle $ (Figure 3.7), guidance will be obtained if (Equa- 
tion (3.6)): 
n(0) cos (f,0 = n(r) cos 4 = n(R) . (3.7) 
Combining Equation (3.7) with Snell's law applied at the 
end face; 
no sin eo = n(°) sin ^o 
it is found that the maximum external angle of incidence must 
be 
% sin eo 1 [n2(0) " n2(R)3* (3-8) 
if guidance is to be obtained. 
Thus, from Equation (3,8) the numerical aperature of a 
graded-index fiber is 
N.A. = [n2(0) - n2(R)]  . (3.9) 
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Comparing Equation  (3.9) with Equation  (3.4)  it is obvious 
that the same numerical aperatures are achieved in the graded- 
index and step-index fibers when the difference in refractive 
index is the same for both fibers.    As the profile of the 
refractive index in the graded-index fiber suggests,   light 
.travels faster in the regions of lower refractive index and 
more slowly as it approaches the axis.    Thus,  the speed of the 
higher order modes approaches the speed of the lower modes, 
resulting  in  reduced differences in arrival  time and less dis- 
persion.     For minimum modal dispersion,  it has been shown [3.12] 
that the optimum profile for a graded-index fiber is nearly para- 
bolic.     If the core of the graded-index fiber has this  "para- 
bolic" profile the pulse dispersion is decreased by approxi- 
mately an order of magnitude under that for a step-index   fiber 
of the same numerical aperature [3.10]. 
3.4    Fiber-optic Parameters 
The proper choice of optical  fiber (step-or graded-index) 
to be used in a particular fiber-optic system depends  primarily 
on the transmission distance,  since it greatly affects the 
bandwidth and amplitude of the signal. 
The affect of fiber length on signal  bandwidth was par- 
tially covered in earlier sections in the discussion of modal 
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dispersion in step-index and graded-index fibers. Besides modal 
dispersion there is also material dispersion (—) caused by 
refractive index varying as a function of wavelength. Note that 
while the single-mode step-index fiber is free from modal dis- 
persion, pulse broadening can result from material dispersion. 
The effects of material dispersion, however, can be relieved 
by using narrow band laser sources. 
Signal attenuation (-£—) is strongly wavelength and material 
dependent and does not vary markedly between step-index and 
IS 
graded-index fibers.     Fiber attenuation has four origins: 
material absorption, material  scattering, waveguide scattering 
and radiation due to curvature.    To minimize the fiber losses 
by attenuation,  fiber performance must be matched to the 
source's peak emission wavelength by using a spectral  response 
curve like the one in Figure 3.8. 
3.5 Fiber Output 
One hundred percent of the output optical power of any 
fiber optic is contained in a solid angle e from the waveguide 
axis, where e is the acceptance cone half-angle obtained from 
the numerical aperature of the fiber. The energy distribution 
across a section of this diverging beam is non-homogeneous, and, 
in all cases, has an angular dependence similar to that illus- 
trated in Figure 3.9 [3,13]. 
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It was stated earlier in this chapter that interference 
within multimode optical fibers, both step- and graded-index 
causes light to propagate along specific paths or modes. Thus, 
if a highly coherent source is incident on the fiber end face, 
the emergent light is expected to produce a speckle pattern when 
projected on an observation screen. The output from a multi- 
mode step-index fiber and a multi-mode graded-index fiber are 
pictured in Figure 3.10. From the figure it is obvious that 
the speckle effect is indeed present in the output of both 
fibers. Comparison of the two patterns, however, shows that 
pattern from step-index fiber contains many more speckles than 
the pattern from the graded index fiber. This phenomenon 
is interpreted as follows:  the coherent light that traveled 
through the step-index fiber is condsiderably distorted because 
of random internal reflections, whereas coherent light traveled 
through the graded-index fiber without a difference in optical 
pathlength because of the parabolic distribution of the refrac- 
tive index. The appearance of this speckle pattern, and the 
fact that the observed speckle pattern is stationary, indicates 
that light maintains its spatial and temporal coherence after 
passage through either a multimode step- or multimode graded- 
index fiber. This demonstration of coherence and others (see 
references 3,14, 3.15, and 3.16) point out the feasibility of 
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using multimode fiber optic waveguides as coherent optical 
elements. 
One would expect that a speckle pattern would not be 
present in the output of a,„ single-mode step-index fiber, since 
there is only one mode propagating along the fiber. However, 
observation shows the existance of a speckle pattern. This 
speckle pattern is the result of scatterings at the input and 
output end faces of the fiber. This indicates that the speckle 
patterns of both multimode fibers contain contributions from 
these scatterings. End face scatterings can be partially 
removed by immersing the fiber in an index-matched liquid. 
Total removal of end-face scattering, however, would require 
the end faces of the single mode fiber to have a perfect finish 
containing no abraisions (i.e. scattering sites). 
The practical application of optical fibers at coherent 
elements has been primarily in the field of interferometry. 
However, in the last five years, interest has developed in 
using fiber optics for the purpose of velocimetry. 
3.6 Fiber-optic Laser Anemometry 
The use of laser anemometry is almost an ideal way of 
measuring fluid velocity without disturbing flow patterns. 
However, in some industrial applications it is not possible to 
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position the necessary windows so as to permit direct optical 
access to the measurement volume. Even when optical access is 
not a problem, troubles in alignment and the physical size of a 
conventional LDA system cancel its advantages as an industrial 
flow measurement system. 
Laser velocimeters using fiber optics have been developed 
as a possible solution to this problem. Danel [3,17] was one 
of the first to use optical fibers with laser-Doppler anemoemtry. 
In this research, a conventional backscatter system (Figure 3.11) 
was linked to the laser by a multimode graded-index fiber, and 
a step-index fiber was used between the optical system and the 
photomultiplier. Measurements were made in a well known jet 
flow. Comparison of experimental data with theoretical values 
showed good agreement. 
Tanaka and Benedek [3.18] developed a catheter type fiber 
optic Doppler anemometer (FODA) for   in vivo measurements of 
blood flow velocities in veins. In this system (Figure 3.12), 
a single fiber inserted in the vein transmits both the incident 
light and collects the frequency shifted light scattered from 
the blood cells. This scattered light is mixed with elastically 
scattered light from the fiber end face to give the difference 
frequency and,therefore,the velocity of the blood flow. This 
catheter type FODA was later used by Frazer [3.19] for further 
■59- 
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blood flow investigations and also by Dyott [3.20] and Ross 
et. al. [3.21] for particle velocity measurements in suspensions 
and,surface vibrational and rotational velocity measurements. 
A variation of the catheter system was developed by Watkins 
and Holloway [3.22], who were interested in making blood flow 
measurements in skin. In this system shown in Figure 3.13 a 
quartz fiber transmits laser light to the skin, where the light 
is reflected from both the non-moving tissues (reference beam) 
and moving red blood cells (Doppler shifted beam). This scattered 
radiation is received by a plastic fiber, and transmitted back 
to a photodiode where optical heterodyning occurs. Although 
this system and the above catheter system gave quite reliable 
and reproducible results in the flow configurations in which 
they were tested, their actual applicability as flow metering 
devices is quite limited. The major limiting factor in both 
system types is a lack of control over the position and size 
of the measuring volume. This measuring volume was shown 
[3.20] to extend from the fiber end face to a distance of up 
to one-millimeter from the end face, thus making the point of 
measurement arbitrary and the mapping of flow fields impossible. 
The applicability of catheter flow meters is further limited 
by the invasive nature of the devices, whose presence in the 
flow, combined with this short measuring zone, could lead to 
serious errors in flow velocity measurements. 
■63- 
Cookson and Bandyopadhyay [3.23] improved the catheter FODA 
with the addition of a projection lens at the exit end of the 
optic fiber (Figure 3.14). The presence of this lens makes it 
possible to optimize the depth of focus and size of the measuring 
volume. This lens also collects a narrow cone of scattered light 
and transmits it back down the fiber-optic, where on exiting 
the fiber, the scattered light is recollimated and optically 
mixed with a reference beam to give the Doppler shift in the 
scattered radiation. This probe was used successfully to obtain 
vibratory information from a rotating system. Lately, single- 
mode fibers are also being used as optical links between lasers 
and commercial optics [3.14]. These combined systems were 
used to make two-component velocity measurements in simulated 
heat exchangers. 
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4.  TWO-PHASE FLOW 
4.1 Introduction 
Matter, as we most commonly experience it, exists in one 
of three physical states or phases: gas, liquid or solid. The 
simultaneous flow of more than one phase is a multiphase flow. 
If the phases comprising this "flow" are not of the same chem- 
ical species, it is termed a multicomponent-multiphase flow. 
The simplest multicomponent-multiphase flow is the two-component 
two-phase (TCTP) flow. Some common examples of TCTP flows are 
fog, smoke, rain and dust storms. 
TCTP flows also occur in many industrial flow situations, 
such as steelmaking, paper manufacturing, refrigeration, dis- 
tillation and power generation. Since all of these systems 
contain critical steps which depend on the proper functioning 
of TCTP devices, the designer of this equipment must have pro- 
cedures which will allow prediction of momentum,heat, and mass 
transfer. 
With the increased emphasis on energy and energy conser- 
vation, the immediate need for more efficient power systems 
has been recognized. This need for higher efficiency and the 
increased use of boiling water reactors as power generating 
systems dictates the need for the study of gas-liquid two-phase 
flows in great detail. 
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In this chapter,  the parameters,  analysis, flow regimes 
and experimental techniques applicable to gas-liquid two-phase 
flows will  be reviewed,  followed by a discussion of laser- 
Doppler anemometry as applied to bubbly two-phase flows. 
4.2    Two-Phase Flow Parameters and Equations 
In gas-liquid two-phase flows the coexistance of liquid 
and vapor phases make it very difficult to describe the hydro- 
dynamic behavior of the flow.    The most important two-phase 
flow parameters and the basic equations used to describe such 
flows are discussed below. 
4.2.1    Flow Parameters 
Consider a channel containing gas-liquid two-phase flow. 
The fraction of volume occupied by the gas or liquid at a 
local position is the local volume fraction and is represented 
by the symbol a-, where i = i(liquid) or v(gas). The term a 
is commonly called local void fraction. 
The liquid and gas phases do not flow at the same speed 
nor is the velocity profile for either phase uniform across 
the channel. The true local velocities of the liquid and gas, 
with respect to a stationary observer, are represented by u 
and u respectively. The volumetric flow rate, Q, which is the 
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total volume of liquid and gas flowing through a given cross- 
section of the channel per unit time can be written as 
where 
* = *}% (4.1) 
Q,- = u. a. dA 
A 
i = £,v (4.2) 
In some cases, it is helpful to speak in terms of the 
overall superficial velocities of the gas, u , and liquid, 
u. . These are the velocities obtained by dividing the volu- 
metric flow rate of each phase by the total cross-sectional 
area of the channel: 
is Si A = -JT 1 = £,V (4.3) 
The total mass flow rate, W, passing through a given 
cross-section per unit time is 
W = W + W i       v (4.4) 
where. 
wi= u.j ai p. dA    i = £,v 
A 
(4.5) 
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A measure of the fraction of the total mass flow across 
a given area composed by one of the phases is 
Xi  W + W £,V (4.6) 
The term Xv,  the mass flow rate fraction of gas, is 
commonly called quality.     The total  volumetric fraction, a-, 
is the mean volumetric fraction of gas or liquid over the 
total  given cross-section,  i.e. 
a.  dA 
l 
a- 
_ A 
A 1   =   £,V (4.7) 
with a    the overall  average volumetric fraction of gas across 
the cross-section. 
The liquid and gas mean velocities un and u    taken over 
the cross section can be defined as 
u. a- dA 
ui = 
A 
a.  dA Aa- 
1  =  £,V. (4.8) 
A 
The ratio of the gas velocity (local or mean) with respect 
to the corresponding liquid velocity is defined as the slip 
ratio, where the local slip ratio is uv/u and the mean slip 
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ratio is u /u .v The difference between the gas velocity and 
liquid velocity is the slip velocity, where the local slip 
velocity is u = u - u , and the mean slip velocity is u = 
u - u„ . V £ 
4.2. 2   Basic Equations 
Although two-phase flows are governed by the basic laws 
of fluid mechanics,  the problem is an extremely difficult 
one to solve due to an  increase in the number of unknowns and 
hence,  the number of equations needed for a complete solution. 
There may be twelve variables used in describing a two-phase 
flow as compared to six in a single-phase flow.    These twelve 
variables are [4.1]: 
Void fraction 1 
Velocity vector of liquid phase 3 
Velocity vector of gas phase 3 
Density of liquid phase 1 
Density of vapor phase 1 
Pressure 1 
Temperature of each phase 2 
12 
The corresponding twelve equations needed for a complete 
solution are: 
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Conservation of mass in liquid 1 
Conservation of mass in gas 1 
Conservation of momentum in liquid 3 
Conservation of momentum in gas 3 
Conservation of energy in each phase 2 
Equation of state in each phase 2 
12 
A lack of understanding of the transport mechanisms con- 
trolling the two-phase phenomena have left the exact form of 
the constitutive equations uncertain. There have, however, 
been two general forms of the governing equations proposed 
which have met with widespread acceptance. They are the 
forms suggested by Wundt [4.2] and Delhaye [4.3]. Wundt 
developed the governing equations using a complete mixing 
model. His equations take the following form for the case of 
an isothermal gas-liquid flow in which there is no mass trans- 
fer between the phases [4.1] ; 
a) Conservation of mass 
■ft (ai Pi) + v • (ai Pi u7) = 0 (4.9) 
i.e., 
■71- 
where: 
net rate of change 
of mass in the 
fl uid element 
net mass outflow 
through the 
element surface 
= 0 
p = density 
a = local  volume fraction 
u = velocity 
b)    Conservation of momentum 
JL i       ~ 
3t (ct-jP.^.)   =  F    - V  •   la.   7T + pT] (4.10) 
Net rate of change 
of momentum of 
the fluid element 
Body force 
on the element 
surface force 
on the 
element 
where: 
F ZT body force 
P = pressure 
7T = stress tensor 
a = local  volume fraction 
u = velocity 
P = density    . 
There is,  however,  a conceptual difficulty concerning the 
homogenity of the system.    These equations were derived on 
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the assumption of the fluid being a continuum. The existence 
of multiple phases, however, precludes this requirement making 
the use of the above equations (4.9, 4.10) extremely limited. 
They are applicable only when the scale of the heterogenity 
of the various phases is small compared to the scale of the 
overall geometry. Therefore, the complete-mixing model of two- 
phase flow is only valid for dispersed flows such as bubbly 
flow and mist flow . 
The limitations which arise in the above model by including 
both phases within an elementary volume were avoided by 
Delhaye, who proposed a different set of general equations. 
These equations are written below for the case of isothermal 
gas-liquid flow. 
a) Conservation of mass 
8P,-        
,!-+  v • p.u. = 0 (4,11) 
where: 
St  "  KiMi 
p = density 
u = velocity 
* 
These flow patterns are discussed in one of the sections 
below. 
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b)    Conservation of momentum 
^-,.,-Ti)*PfF <*■"> 
where: 
p = density 
u = velocity 
~zr~ = shear stress 
'i 
F = body force 
the interfacial conditions are, 
V  •   (-a I) + Hf^-nn = 0 (4.13) 
where: 
c        ° 
a = surface tension 
nQ = unit vector in outward direction from 
vapor surface 
I = unit vector 
Rc = radius of curvature. 
The extreme difficulty which arises in applying either 
one of the above sets of equations, to even the simplest 
geometries and flow patterns, has led to the development of 
analytical models relating the flow rates of each phase and 
voide fraction. Of the analytical models developed [4.4,4.5] 
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Zuber's [4.6,4.7] generalized kinematic equations listed 
below are of considerable significance: 
<(u--u )>        <a-(u.-u )> 
-^-^ = C0 % + -^-^ (4.14) 
where 
ai ai 
i  m 
and 
<F> = j  f F dA (4.16) 
A 
where F is any parameter to be operated on.Equations (4,14) and 
(4.15) enable one to calculate the flow rates of each phase 
if, the void proTile, the total flow rate, and the drift velo- 
city (i.e. u.-u ) are known, since: 
Qi  <(ui'0> 
T-^F^-  ■ (4-17) 
The relationship in Equation (4.14) is applicable in 
all of the flow regimes and has been verified experimentally 
by a number of people [4.8,4.9] for a wide variety of fluids 
1 and flow patterns. The major hinderance in the use of this 
relation is the large amount of information required to solve 
for the flow rates of each phase. 
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The basic equations used in the derivation of Equation 
(4.14) were the momentum equations as written by Wundt, while 
the unknowns were a, u , u . Therefore, one parameter must 
be known if the other two parameters are to be solved for. 
The above kinematic relations can, at times, be extremely 
difficult to use, even for cases in which the void fraction 
profile is known. Hence, a large number of empirical corre- 
lations have been developed for predicting void fraction, slip 
velocity and pressure drop [4.10,4.11,4.12,4.13]. Although 
these correlations are easy to use, the results can be quite 
misleading if the situations to which they are applied are not 
similar to those used to obtain the original data. Also, 
since little insight into the basic phenomena is achieved by 
data correlation, no indication is given of ways in which per- 
formance can be improved. For these reasons, the actual forms 
of the correlation are not discussed and their use will be 
avoided. 
4.3 Flow Regimes 
The preceeding discussions are evidence of the vast 
amount of knowledge required to perform detailed analyses in 
TCTP flows. Many researchers [4.1,4.14] believe the first 
step in rendering the problem manageable is to catagorize it 
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into various flow regimes which are governed by certain 
dominant geometrical or dynamic parameters. 
When a gas-liquid mixture flows upward in a vertical 
tube, the distribution of the two phases may take many forms. 
Each characteristic form is called a flow pattern, or flow 
regime,and is given an appropriate name which describes it. 
Although the descriptive terms applied to the various geo- 
metrical configurations are the various authors', and some 
are further divided into subclasses, there are some basic 
patterns that can be described as follows [4.1]: 
1. Bubbly flow, in which the discrete bubbles are dis- 
persed in a continuous flow of liquid. * 
2. Slug flow, in which cylindrical bubbles and liquid 
slugs pass alternately through a given station in the 
channel. 
3. Annular flow, in which the liquid phase flows along 
the channel wall in the form of an annulus and the 
gas phase flows in the core. 
4. Mist flow, in which discrete liquid droplets are 
dispersed in a continuous gas phase. 
Typical pictures of the four basic patterns are shown 
in Figure 4.1. A change in flow pattern usually also means 
a change in the mode of transport of momentum or heat. A good 
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FIGURE 4.1 THE FOUR BASIC FLOW PATTERNS OF 
TWO-PHASE FLOW 
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illustration of the effect of flow pattern is shown in 
Figures 4.2 and 4.3 [4.1,4.15]. For this reason and others, 
the flow pattern is an extremely important subject of study 
and an extensive amount of work has been done to determine 
the boundaries between the various flow regimes [4.16,4.17, 
4.18,4.19]. This work, however, was predominantly qualitative 
in nature and very  much dependent on the observers judgement. 
Hubbard and Dukler [4.20] have proposed a quantitative method 
for classification of the various flow regimes using spectral 
analysis of wall pressure fluctuations. Their results, how- 
ever, were not conclusive and, hence, the method has not 
been widely adopted. More recently, Dukler and Taitel [4.21] 
have constructed theoretically based generalized flow tran- 
sition maps by physical modeling techniques. These maps have 
been compared to the averaged visual observations of other 
investigators over a wide range of flow conditions arid fluid 
properties with good agreement. A typical and rather general 
transition map for bubble-slug transition is given in Figure 
4.4. Other transition maps needed to determine the regime in 
which a system is operating and, hence, the mode of transport 
of momentum or heat are also available in reference [4.21] and 
are the ones used here. 
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4.4 Experimental Studies in Two-Phase Flow 
A major hinderance to furthering the understanding of 
the two-phase phenomena is the unsuitability of experimental 
techniques available for velocity measurements in two-phase 
flows. In general, measurements of the flow field in such 
systems can be carried out in two ways: by impact probes 
[4.22,4.23,4.24] or by light and sound waves directed across 
the flow field. The former suffer from flow disturbances, 
which are often unacceptable, and the latter only provide 
integral information which is difficult to interpret since 
strong variations can occur along the light or sound paths. 
Currently laser-Doppler anemometry (LDA) is being inves- 
tigated as a possible solution to the problem. LDA is very 
attractive as a possible solution since direct local velocity 
measurements could be made without any disturbances to the 
flow. The method, however, is not without its drawbacks. In 
addition to the typical problems associated with single phase 
flow LDA measurements as outlined in Chapter 2, other diffi- 
culties in two basic areas arise from the presence of a 
second phase: 
a) signal form and processing 
b) flow pattern and system geometry . 
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\ 
This work is concerned with the resolution of these measure- 
ment difficulties in bubbly TCTP flows. LDA as it applies 
to this class of flows is discussed below. 
4.5 LDA Measurements in Bubbly TCTP Flows 
The output signal from a laser-Doppler anemometer used 
in a bubbly TCTP flow will contain information about both 
the liquid phase and the entrained gas bubbles. Therefore, 
if this instrument is to be used reliably in bubbly two- 
phase flows, one must be able to recognize the form of the 
signals corresponding to each phase so that they can be elec- 
tronically separated and processed to give the desired infor- 
mation. 
Early attempts at extending LDA to two-phase flows [4.25, 
4.26] did not take into account the form of the signal in 
detail. They were simply attempts at extending the existing 
optical arrangements, as used in single phase flows, to two- 
phase flows. No extensive measurements are reported in the 
aforementioned publications and the authors do not provide 
general guidelines for optimum optical systems. 
In one of the later works, Durst and Zare [4.27] provided 
some of the basic theory for laser-Doppler measurements of 
large surfaces which partly or totally reflect or refract 
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light from two coherent laser beams  impinging onto the sur- 
face at different angles.     For the case of reflection at the 
surface,   (Figure 4.5),  the frequency at which the observed 
intensity fluctuates at a point in space due to the velocities 
of the two reflecting elements  is formulated as 
DA i  1 K  . . A 1   . R  . .  B 
(4.18) 
where: 
fp. =  Doppler shift in frequency 
KT = unit vector in the direction of incidence 
KR = unit vector in the direction of reflection 
D = velocity of moving body 
A = wavelength of incident light. 
For a non-deformable spherical  moving particle, this 
reduces to  (Figure 4.6) 
2(Ui  cos @ + U-,-|  sin B)sin <f> 
fD = ~x  . (4.19) 
For large L/R ratios  (Figure 4.6) andsmall  beam crossing 
angle <(>,  this equation tends to the universal  equation of 
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laser-Doppler anemometry for single phase flow measurements. 
2 Ui  sin <t> 
f„ - r (4.20) 
Each of the beams is refracted at both surfaces for the case 
of a transparent particle (Figure 4.7)and, therefore,  Doppler 
shifted twice.     In general,  the detected frequency of    the 
observed intensity variations for a transparent particle is 
fD = j [({KT} -{K }  ).{U} ]    + [({KT} -{KT}  )-{U} ] D
      
A I
  i      T 1 1 A *  i      T i i  B 
+ [({KT} -{KT>  )-{U}  ]    + [({KT} -{KT}  )-{U} ]n 
1
 i      '  i i C i i      '  i i  u 
(4.21) 
where: 
fD = Doppler shift in frequency 
KT = unit vector in the direction of incidence 
Kj = unit vector in the direction of transmittance 
0 = velocity vector 
X =  wavelength of incident light . 
For a non-deformable spherical particle and detection 
in the forward direction (Figure 4.8), Equation (4.21) reduces 
to 
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2 U. (sin $ -  sin 3) 
fD= j   . (4.22) 
At large ratios L/R and small beam crossing angle <j>, 
Equation (4.22) reduces to the universal equation of LDA 
for single phase flow, Equation(2.20). The results of the 
analytical study [4.27] can be summarized as follows: 
a) Reflecting surfaces 
i) the detected frequency is independent of the 
point of observation and is given by Equation 
(4.19) 
ii) the detected frequency depends only on the 
angle of intersection 2<j> and the angle of 
interference 2B. 
b) Refracting surfaces 
i) the detected frequency which is dependent on the 
point of observation, the angle of intersection 
2<j> and the angle of interference 2g is given by 
Equation (4.21). 
Durst and Zare conducted a number of simple experiments in 
two-phase flows which verified these analytical findings and 
arrived at the following recommendations: 
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a) small angles between light beams should be used for 
measurements of velocity of large particles (D>10 mm) 
b) angles of several degrees (2$ = 10°) appear advan- 
tageous for smaller particles. 
In performing these experiments, Durst and Zare also verified 
earlier findings that the modulation depth of the signal pro- 
duced by large particles was much larger in amplitude than 
that corresponding to the small scatterers used for seeding 
single phase flows. 
Sullivan and Theofanous [4.28] made measurements in 
bubbly two-phase flows with a conventional LDA operating in 
the fringe-mode, and used this difference in modulation depth 
to separate the two signals. The separation was accomplished 
by adjusting the discriminator level of a commercial counter 
processor so that the light scattered by bubbles was not 
interpreted as liquid phase velocity. Using this technique 
axial and lateral mean velocities and turbulent intensities 
of the liquid phase were obtained for various flow qualities. 
Mahalingham, Limaye and Brink [4.29] used a conventional 
LDA operating in the dual-beam forward scatter mode for their 
measurements in bubbly flows. Amplitude discrimination was 
used to remove signals corresponding to the water phase. 
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Equation (4.22) reduced for the case df a large L/R ratio was 
then used to calculate the bubble velocities. The results 
obtained using LDA were verified by high speed photography. 
It was also observed that the errors in measurements increase 
with increase in bubble size. 
Two other studies that include measurements in mist flows 
also deserve recognition since the LDA techniques used can 
also be applied to bubbly flows. Lee and Srinivasan [4.30] 
used an LDA operating in the reference-beam mode with 
amplitude discrimination to measure axial and lateral velo- 
city components of the entrained droplets. Alger, Crowe and 
Giedt [4.31] used a dual-beam heterodyne LDA to make measure- 
ments in liquid-dominated nozzle flows. They performed an 
analysis which showed that, although the Doppler frequency 
shift in the light scattered from each beam is broadened by 
the physical size of the scattered light receiving aperature, 
the resulting beat frequency produced by the mixing of the 
scattered beams at a photodetector is independent of the 
aperature size and is given by 
2 Ui sin 4 
fD = -x  . (4.20) 
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The aforementioned studies are only the initial  steps 
towards applying LDA to bubbly two-phase flows.     It is apparent 
that a great deal more analytical  and experimental work is 
needed before the    use of LDA will  be widely accepted as a 
tool for measuring velocities  in two-phase flows. 
An additional  difficulty in the application of LDA  to 
two-phase flows is the problem of optical  access.    The geo- 
metries of interest are often \/ery complex and require the 
use of materials opaque to visible light.    A possible solution 
to this problem is an LDA incorporating optical  fibers to 
transmit both  illuminating and scattered light past undesirable 
interferences.    The work presented here strives toward the 
development and application of such a fiber-opticLDA for 
two-phase bubbly flows. 
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5. Development of a Fiber Optic Laser Anemometer 
5.1 Introduction 
The preceeding chapter is indicative of the need for 
detailed velocity measurements in multi-component multi-phase 
(MCMP) flows in various flow configurations and conditions. 
Such velocity information will contribute to the understanding 
of the governing mechanisms and to the development of analytical 
models for prediction of mass, momentum and heat transfer in 
MCMP systems. 
The intricate nature of MCMP flows and the complexity of 
the geometries containing them require that the instrument 
used to make these velocity measurements be: 
1) non-invasive 
2) capable of remote velocity measurements 
(from laser and detector) 
3) capable of measurements with no room for long 
light paths 
4) compact in size 
Two optical geometries of a fiber optic laser anemometer 
(FODA) have been developed which satisfy the above require- 
ments. By virtue of their design, these anemometers are 
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capable of local velocity measurements and the measurement 
of a predetermined component of that velocity. The develop- 
ment of these FODA's, and a demonstration of their applica- 
bility to single-phase and two-phase flows is given below. 
5.2 Fiber Optics 
The feasibility of using optical fibers as coherent opti- 
cal elements was pointed out in the discussion of fiber optics 
in an earlier chapter. Takara [3.14], Hioki and Suzuki [3.15] 
and Suzuki [3.16] have experimentally demonstrated coherence 
in optical fibers and their applicability to interferomety. 
Suzuki [3.16] and Hioki and Suzuki [3.15] constructed inter- 
ference patterns with laser light from two independent fiber 
optic waveguides. Takara [3.14] studied the effect of optical 
guide length on the visibility of interference fringes con- 
structed from light passing through both step-index and graded- 
index fibers. He found that fringe visibility is almost inde- 
pendent of fiber length for both fiber types despite random inter- 
nal reflection in the step-index fiber. The above experimental 
studies demonstrate the feasibility of using fiber optics as 
light transmission devices for the purposes of laser anemometry. 
A necessary step in the development of a fiber-optic LDA 
is to obtain a theoretical and working knowledge of optical 
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fibers. The optical fiber theory needed to complete such a 
task was reviewed in an earlier chapter. The optical fibers 
used and methods for fiber end preparation, laser-to-fiber 
coupling and recollimation of transmitted light are presented 
below. 
5.2.1 Waveguides 
Three optical fibers listed below were tested and used 
in this study: 
1) Corning graded-index fiber 
a) core diameter = 63 ym 
b) coated diameter = 138 ym 
c) numerical aperature = .21 
d) attenuation = 12 db/km @ 600 nm 
e) minimum bend radius = 25 mm 
2) ITT graded-index fiber 
a) core diameter = 55 ym 
b) coated diameter = 500 ym 
c) numerical aperature = .25 
d) attenuation = 30 db/km @ 600 nm 
e) minimum bend radius = 5 mm 
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3) ITT step-index fiber 
a) core diameter = 55 ym 
b) coated diameter = 500 ym 
c) numerical aperature = .25 
d) attenuation - 28 db/km @ 600 nm 
e) minimum bend radius = 5 mm . 
All three of the above fibers are covered by a coating or 
jacket to provide mechanical and environmental protection. 
The Corning fiber is coated with lacquer and both the ITT 
fibers are jacketed in Hytrel plastic. 
5.2.2 Fiber End Preparation 
Fiber ends must be properly prepared to achieve efficient 
coupling from one fiber to another, or  to an optical-electrical 
interface device. This section describes the two fiber end 
preparation techniques used in this work and their application 
to the Corning and ITT glass fibers. 
The fiber end preparation techniques to be discussed 
are known as the "lap and polish method" and the "scribe and 
break method." Each is straightforward and requires little 
training to achieve good quality ends. 
-96- 
The first step in fiber end preparation by either technique 
involves the removal of the protective coating on the fiber. 
The lacquer coating on the Corning fiber is easily removed by 
dipping the fiber end in Acetone. The Hytrel coating on the 
ITT fiber can be stripped off with a .31 mm wire stripper. Once 
the coating is removed, the fiber is wiped clean using lens 
tissue wetted with isopropyl alcohol. The bare glass is now 
ready for finishing. 
In the lap and polish method,the bare fiber (Corning or 
ITT) is cut to the desired length and then fixed in the chuck 
of a pin vise so that the fiber end extends approximately 1 mm 
from the vise tip. Lapping is accomplished by moving the vice 
(with fiber inserted) in a random motion through 400 grit Al2O3 
grinding compound until the fiber end looks flat and smooth 
when observed under a microscope. This procedure generally 
requires one to three minutes. The fiber end is now rinsed 
and the process is repeated with a finer 600 grit A1203 grind- 
ing compound. 
Before continuing with the polishing, the pin vise is 
thoroughly washed to remove residual grit remaining from 
lapping. A Cerium oxide paste which has suspended particles 
of .3 ym to 1 ym in diameter is used as the polishing compound. 
Depending on the smoothness of the lapped surface, a well 
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polished flat surface can be obtained after as little as one 
minute using moderate pressure and random strokes. The ITT 
fibers were very  easy to work with and were well suited to 
this method of end preparation. The Corning fiber on the 
other hand, was very  difficult to handle, and was found to 
break quite easily in the grinding stage of end preparation. 
This breakage is attributed to the lack of a plastic jacket 
to protect the fiber surface while it is being held in the 
pin vise. 
In the scribe and break technique, the stripped fiber 
(Corning or ITT) is taped on a flat surface and put under ten- 
sion by pulling on it. A sapphire-edged cutting tool is then 
used to nick the fiber. After nicking, greater tension is then 
applied by pulling it with force sufficient to snap the fiber. 
This force, though applied by hand, produces smooth, flat 
fiber endfaces. This process of breaking the fiber can be 
completed in about a couple of minutes. Both the ITT and 
the Corning fibers could be polished quite easily with this 
method. 
5.2.3 Laser-Fiber Interface 
The coupling of the laser to the fiber optic is the next 
step jn  the development process. To insure that the maximum 
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amount of laser light is projected into the fiber core, both 
the diameter of the focused laser beam and the numerical apera- 
ture of the beam focusing lens must be equal to or less than the 
corresponding fiber core diameter and numerical aperature. 
The diameter of the focused beam d£, can be written as 
1/e 
with 
A = wavelength of the incident light 
f = focal length of beam focusing lens 
D-, , = diameter of the laser beam at the 1/e point 
d^ = diameter of the laser beam at the focal point . 
The numerical aperature of the beam focusing lens is 
N.A.-F = sin u„-i ^ (5.1) 
where: 
D, .    =  diameter of the laser beam at the 1/e point 
f = focal length of beam focusing lens 
N.A.f = numerical aperature of the beam focusing lens . 
In the present system, the beam focusing lens was chosen 
such that the 1.25 mm diameter beam from a Spectra-Physics 
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Argon-ion laser operating in the TENL mode at a wavelength of 
514.5 x 10" mm could be projected into the core of any one 
of the three fibers used. Taking the minimum core diameter 
and numerical aperature to be used in the experiment, one can 
determine if the selected lens is acceptable by making only 
two calculations. 
For example, in this work the minimum core diameter is 
that of the ITT fibers and, the minimum numerical aperature 
is that of the Corning fiber. For a lens with a focal length 
of 7.0 mm, its acceptibility as a beam focusing lens can be 
determined as follows. 
The diameter of the focused beam is 
d
-^fc <2"3) 
(5)(514.5xl0"6mm)(7.0 mm) 
(TT)(1.25 mm) 
d£ = 4.59 x 10~3 mm 
-3 
which is smaller than the 55.0 x 10  mm diameter core of the 
ITT fibers. 
The numerical aperature of the beam focusing lens 
is 
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N.A..C = sin tan 1 Ve"
1 
= sin tan -1  1.25mm 7.0 mm 
N.A.f =  .18 
which is less than the  .21  numerical   aperature of the Corning 
fiber.    With both requirements satisfied,  the 7.0 mm lens can 
be used as the beam focusing lens and was one of beam focusing 
lenses used in this work.    Other lenses used in this work were 
also checked for acceptibility in the same manner. 
A Jodon lens pinhole spatial  filter was modified to be 
an XYZ adjustable fiber holder.    The fiber holder,  shown in 
Figure 5.1, consists of a fiber positioner movable along the 
X and Y axes and a lens  holder movable along the Z-axis  (direc- 
tion of laser beam).    The polished fiber is held in a hypoder- 
mic needle and mounted inthering magnet.   The magnet glides 
on Teflon pads against a steel  plate along the X and Y axes. 
Motion along the Z-axis  is produced by moving the mounted 
lens on a spring loaded fine pitch screw.     This mechanism was 
quite sensitive allowing for optimum optical  alignment between 
the laser and fiber core. 
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5.2.4 Fiber Output 
Each of the three fibers was first prepared by the "lap 
and polish method" and then mounted in the fiber holder. The 
laser was projected into the fiber core and the fiber output 
was projected on to an observation screen. Comparison of the 
three outputs (Figure 5.2) showed that the output of both 
graded-index fibers were very  similar containing much less 
speckle than the output of the step-index fiber. Similar tests 
were conducted after finishing the fiber ends by the "scribe 
and break" method. Comparison of the two types of fiber ends 
showed that, in all cases, the output of the fiber when pre- 
pared by the "lap and polish" method contained more speckle 
than the output of the same fiber when prepared by the "scribe 
and break" method. This decrease in speckle indicated fewer 
endface scatterings (section 3.5) and thus, a smoother surface. 
For this reason and the ease with which the "scribe and break" 
method could be performed it was adopted as the sole method 
of fiber end preparation. 
5.2.5 Focusing and Recoilimation of Fiber Output 
Most applications require that the fiber output be 
recoilimated or focused to some point beyond the tip of the 
fiber. This was accomplished by using the reverse of the 
•103- 
CL 
CD 
+-> 
to 
<_> 
I 
O 
LU 
DC 
U- ^c 
o DC 
o 
oo s (— 
-a => 00 
CD a. i—i 
T3 h- zz 
fd =) h- 
s- O 
CD ^ 
O oo 
OO ID 
i—i 
DC U~> 
■=C DC 
a. uj 
2: CO 
O 1—1 
<_> u_ 
■a 
CD 
-a 
s_ 
C7> 
o 
u 
<a 
CM 
LO 
LU 
DC 
CJ3 
■104- 
mechanism used to focus the beam into the fiber optic. Move- 
ment of the mounted lens along the z-axis allows the recoilima- 
tion or focusing of the light at some point beyond the exit end 
of the fiber. 
The diameter of a recoilimated beam is 
dc = 2f tan [sin-1 N.A.] (5.2) 
where: 
d = diameter of the recoilimated beam 
f    = focal length of the collimating lens 
N.A. = numerical aperature of the fiber. 
For the ITT fibers, the diameter of the beam recoilima- 
ted with a 7 mm lens is 
do = 2f tan [sin-1 N.A.] c 
= 2(7.0 mm) tan[sin_1 .25] 
= 3.6 mm 
and the diameter of the recoilimated beam from the Corning 
fiber would be    4 
dc = 2(7.0) tan[sin_1 .21] 
= 3.0 mm . 
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The 7 mm lens can be used to focus the output beam of the 
fiber at a distance S1 from the focusing lens with 
! ] ). (5.3) 
where: 
f = focal length of the lens 
S = distance from fiber end face to the focusing lens. 
An alternate method attempted for recoilimating the 
output beam of the fiber involved the formation of lenses at 
the tip of the fiber to aid in the collimation of the trans- 
mitted light. Two methods for the lens formation were investi- 
gated: (i) Dipping of the fiber end in epoxy [5.1], (ii) etching 
the clad off the fiber and fusing a lens on the fiber tip with 
the help of a "micro torch" [5.2]. Neither method was success- 
ful. The lenses formed by epoxy dipping could not withstand 
the power densities generated when laser light was focused on 
them and the lenses formed using the "micro torch" did not 
have radii of curvature large enough to produce satisfactory 
collimation. 
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5.3 Fiber Optic Laser Doppler Anemometry 
5.3.1 Fiber-Optic Links 
A commercial laser anemometry system was used for the 
purpose of: (1) familiarization with the set-up and use of the 
various optical geometries of LDA and, (2) feasibility testing 
of fiber optic links between the laser and the optics and the 
optics and the photodetector. The optics in this system con- 
sists of a beam splitter, focusing and collection lens and a 
photodetector. A schematic of the optics is shown in Figure 
2.1. This equipment was used to test the dual-beam mode in 
forward and backscatter, the reference-beam mode, and the dual- 
scatter mode in forward and backscatter, on a rotating plexi- 
glass disk. The high pass filtered output of the photodetector 
was monitored on an oscilloscope to verify the quality of the 
signals. The collection optics and the photodetector were 
next, interfaced with a fiber. The aperature on the photo- 
detector was replaced, in each mode of operation, by an ITT 
graded index fiber [Figure 5.3]. The graded index fiber was 
used to minimize modal dispersion and pulse broadening. The 
Doppler signals from the photomultiplier tube resulting from 
the scattered light after passing through the fiber was 
quite good. The signal was checked on the oscilloscope for 
the dual beam, reference beam, and dual scatter optical modes. 
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The transmission optics were then linked to the laser by 
optical fibers. Modified Jodon positioners (described earlier) 
were used to link the laser to the fiber and to collimate or 
focus the transmitted light. The light was collimated for 
use in the dual-beam and reference-beam modes [Figure 5.4] and 
focused for use in the dual-scatter mode (Figure 5.5). This 
linkage worked well for the reference beam and dual scatter 
beam methods, but was not suitable for the dual beam mode. 
Expansion of the measuring volume with a 20X microscopic objec- 
tive showed very  poor contrast between the interference fringes 
produced in the dual beam mode and the fringes were dominated 
by speckles (Figure 5.6). The presence of the speckle pattern 
was believed to decrease the fringe visibility to the extent 
where no acceptable signal was generated.  It was also noted 
that any movement of the optical fiber resulted in shifting of 
the speckle pattern but not the fringes. This is a very  impor- 
tant feature since a stable pattern of fringes is essential 
for velocity measurements in the dual beam mode of operation. 
In an effort to increase fringe visibility index matched immer- 
sion oil was placed between the fiber and the collimating 
lens, as shown in Figure 5.7, to reduce endface scattering 
and to decrease speckle. The dual beam fringes generated using 
the immersion oil set-up were found to be of better quality 
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and resulted in good quality signals when used for dual beam 
velocity measurements of a rotating plexiglass disc. 
For each of the linked fiber optic-LDA geometries the 
magnitude of the Doppler shift was determined from oscilloscope 
traces to demonstrate the linear variation of velocity with 
radius of a constant speed rotating disc. The above efforts 
also verified the successful manipulation of the light out of 
the optical fiber as related to laser velocimetry. 
With the successful interfacing of the optical fibers 
to the commercial LDA optics, the feasibility of constructing 
a working fiber optic Doppler anemometer capable of operation 
in the three modes of laser anemometry was verified. Although 
these "linked anemometers" are capable of noninvasive remote 
velocity measurements (from laser and detector),the large 
dimensions of the modules containing the transmission and 
receiving optics (typically 80 mm in diameter and 150 mm long) 
limit their use to situations where there is easy access and 
ample room for the set-up and alignment of the optics. 
5.3.2 The Fiber Optic Laser Doppler Anemometer 
In searching for a system with a simple and compact opti- 
cal geometry, five separate geometries were considered. Three 
of these geometries operated in the dual beam mode and the 
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others in the reference-beam mode and the dual-scatter mode. 
To keep the anemometer as compact as possible, all efforts 
were directed towards developing a system where the scattered 
light was collected in the backscatter direction. 
The backscatter reference-beam system considered was 
similar to the one used by Cookson and Bandyopadhyay [3.23] 
and is shown in Figure 5.8. In this geometry the laser beam 
is first split into two beams, a scattering beam and the ref- 
erence beam. The scattering-beam is projected into a graded- 
index fiber of length L and the reference-beam is projected 
into a graded-index fiber of length 2L. This length difference 
between the fibers is used such that the path lengths of the 
scattered-beam and the reference beam are equal and spatial 
coherence is maintained. The scattering beam is transmitted 
down the fiber and then focused to the point of measurement 
by a focusing lens. Light scattered at this point by moving 
particles is collected by the focusing lens and transmitted 
back down the optical fiber. On exiting the fiber, the light 
is collimated and mixed with the recoilimated and weakened 
reference-beam to give the Doppler shift in scattered radiation, 
Attempts at the actual construction and use of this system 
were unsuccessful. The failure resulted from the inability 
to achieve: (i) satisfactory optical alignment between the 
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fiber and focusing lens and (ii) a reference beam of proper 
intensity. Further efforts to construct a backscatter referende- 
beam system were aborted for two reasons" 
a) the above-mentioned alignment difficulties 
and 
b) when used in the backscatter scheme, reference-beam 
systems such as above,give information concerning 
the on-axis component of the velocity only, severely 
limiting the applicability of the system. 
The dual-scatter system considered in this work is shown 
in Figure 5.9.  In this geometry,light out of the graded-index 
fiber is collimated and then focused to the point of measure- 
ment. The light scattered by particles passing through the 
measuring volume is collected and collimated by the focusing 
lens. Two graded fibers located symmetrically about the optic 
axis and at 180° to one another are used to collect this light 
and transmit it to the photodetector where it is mixed to give 
the beat frequency and hence, the velocity. Efforts to con- 
struct and use this system were not successful due to an 
inability to properly mix the two very  weak scattered beams 
at the detector. 
A schematic of the first dual-beam geometry considered is 
shown in Figure 5.10. In this scheme the laser beam is split 
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into two equal intensity beams. The two resulting beams are 
projected into two graded-index fibers. The lengths of the 
fibers are matched to maintain coherence between the two beams. 
The exit ends of the fibers are mounted parallel to one another 
so that the transmitted light will form two diverging cones 
with parallel optical axes. A lens in front of the fiber 
end faces is used to focus these beams to the point of measure- 
ment. A third graded fiber, fixed between the two transmission 
fibers, is used to collect the backscattered light and trans- 
mit it to the detector. The above geometry was constructed and 
aligned. The intersection point was expanded onto a screen 
using a microscopic objective to verify the presence of crisp 
fringes for using this anemometer in the dual-beam (fringe) 
mode. Further observation of the beam crossing point under 
magnification, however, revealed that the two beams did not 
always intersect at their minimum beam waists (Figure 5.11) 
and thus subject to some fine adjustments. Non-waist inter- 
sections such as these are known to enlarge probe volume and 
generate variations in the fringe spacing across the volume 
due to wavefront curvature. This scheme was not pursued fur- 
ther though successful in achieving the desired interference 
fringes. 
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FIGURE 5.11  EFFECT OF IMPROPERLY FOCUSED BEAMS ON 
FRINGE SPACING 
•124- 
The optical geometry shown in Figure 5.12 resolves these 
difficulties.  In this scheme, light from a single graded- 
index fiber is collimated by a lens of focal length f,. 
This collimated light beam is stopped by a plate containing 
two small holes a distance, x, apart. These two holes allow 
collimated light to pass through thus generating two parallel 
beams of equal intensity. A lens in front (focal length, 
f~) is used to focus these beams to the measurement point. 
The backscattered light from the measurement environment 
(with gas, liquid, or other particles) is collected by the 
focusing lens and directed into a detector fiber (graded- 
index) fixed between the two transmission fibers. This 
geometry was set us and aligned on an optical bench with green 
(5.14.5 nm) laser light. Jodon positioners were used to 
introduce light into the Corning graded-index fiber and re- 
coil imate the transmitted light. The lens used to focus 
and collimate the light had a focal length of 20.0 mm and the 
two holes used to construct the parallel beams were .794 mm 
in diameter and were separated by a distance of 4.0 mm. A 
20 mm focal length lens was used to focus the beam. The 
intersection point was expanded onto a screen using a micro- 
scopic objective to verify the presence of fringes (Figure 5.13) 
and its possible use as a dual beam anemometer. Using the above 
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parameters the fringe spacing was calculated to be df = 2.5 ym, 
and the measurement volume dimensions Zm -  0.21 mm and dm = 
0.021 mm. The minimum beam waist of each beam was found to be 
located at the point of intersection for this anemometer. 
The fiber optic laser anemometer described above was first 
tested by measuring the velocity components at various radii - 
on a rotating plexiglass disc. The velocities calculated using 
the Doppler shift frequencies (signals viewed on oscilloscope) 
were found to be in excellent agreement with the values obtained 
by using the RPM of the disc and the radii at the "points of 
measurement. 
From an oscilloscope trace of the signal generated by the 
photomultiplier tube (Figure 5.14), the velocity of the rotating 
disc, at a radius of 9 mm, was calculated as follows. The 
Doppler shift in frequency is 
f = number of cycles per centimeter ,r  .^ 
D  Time base of the oscilloscope *  ' 
f = 6 0 x 105 cyc1es TD  D-U  lu  sec 
and the fringe separation distance given earlier 
df = 2.585 x 10"3 mm 
The tangential velocity of the disc is 
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y~^/> 
V
 " 
fD df 
V = 1551  mm/sec  . 
The velocity of the rotating disc calculated using the RPM 
of the wheel  and the radius is 
V = r to (5.5) 
=  (9^)077.5-^) 
= 1597.5 mm/sec 
giving a percent difference of 
l597-^^5^1'0 x 100% = 2.9% 
Since the above system operates in the fringe mode, there was 
concern about its effectiveness for measurements in two-phase 
flows where the bubble diameters were likely to be much larger 
than the fringe spacing. However, it should be observed that 
the geometry of the above fringe mode system is precisely that 
used when operating in the dual scatter heterodyne mode [4.27, 
4.31]. Therefore, this system should be applicable in cases 
where the velocities of large particles are to be measured. 
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This premise was tested by measuring the velocity of a 
rotating rod which was 1.5 mm in diameter, two orders of mag- 
nitude larger than the fring spacing. The velocity of the 
rod fixed to a rotating shaft was measured at various radii 
and was found to be in good agreement with calculated values. 
Knowing that this optical geometry was suitable for 
measuring velocities of large particles, a small two-phase 
test section was constructed in which the applicability of the 
system to two-phase flow measurements could be examined (Fig- 
ure 5.15). Bubbles were generated by forcing compressed air 
through a 50 ym hole at the base of the test section filled 
with high viscosity immersion oil. The rise velocity and 
bubble diameter were measured by using a high speed photography 
technique (INSTAR 4 TV system) and were found to be 35 mm/sec 
and 2.5 mm respectively. The velocity values obtained from 
the frequency of the Doppler shifted light, as viewed on a 
Nicolet digital oscilloscope (Figure 5.15), were found to be 
in good agreement with bubble velocities. 
The above simple experiment established that this system 
would be applicable to future two-phase measurements. It was 
then built into an optical module measuring 19 mm in diameter 
by 48 mm in length (Figure 5.17). The optics and design 
parameters of this module, the DOT FODA, are as follows: 
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Optics for Dot FODA 
1) Transmission fiber - Corning graded index fiber 
2) Collimating lens - focal  length = 20 mm 
diameter =  15 mm 
3) Collection fiber -  ITT graded  index fiber 
4) Beam stop-D = pin hole diameter = 1.092 mm 
X = 1/2 separation distance = 2.49 mm 
5) Projection - collection lens - focal  length = 20 mm 
diameter = 15 mm 
*~j 
Design Parameters for Dot FODA 
Wavelength of laser light,  A = 514.5 nm 
Beam intersection half-angle,  <j> = 7.13° 
5Xf -2 Beam waist diameter,  d„  = —R- = 1.5 x 10    mm 
x. TTU 
Diameter of measuring volume, dm = ___,  = 1.51x10    mm 
Length of measuring volume,  a 
"m     sin<j> 
Number of fringes  in control  volume, Nf 
cos<}> 
d£
    =  .12 mm 
IPX 
TTD 
= 8 
A calibration check of this  Dot-Fiber Optic Doppler anemometer 
is presented later along with results  pertaining to various 
single and two-phase flows. 
The above system was  inefficient in  its light usage since 
the majority of the usable light was  lost at the beam stop. 
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The search for a more efficient anemometer geometry resulted 
in the development of the geometry shown in Figure 5.18. In 
this geometry the light emerging from a graded-index fiber is 
collimated (by lens L-,) and then split into two parallel equal 
intensity beams by a 50-50 prism beam splitter. The two beams 
are focused to the point of measurement by#the focusing lens, 
l_2- Backscattered light from particles passing through the 
control volume is collected by the focusing lens and directed 
into the collection fiber. This Doppler shifted light is trans- 
mitted via this graded-index fiber to the detector where a sig- 
nal containing the desired velocity information is generated. 
To test the feasibility of using this anemometer, the 
prism FODA was constructed and aligned. MoaKfied Jodan posi- 
tioners described earlier were again used to introduce light 
into a Corning graded-index fiber and recoilimate the trans- 
mitted light. The lens used to collimate the light, L-], 
had a focal length of 7 mm and hence, the recollimated beam 
diameter was 3 mm (see section 5.2.5). The 15 mm x 15 mm x 15 
mm beamsplitter was a 50-50 cube splitter and the focusing 
lens, Lp, had a focal length of 50 mm. 
In this optical arrangement the intersection half- 
angle is dependent on the off-axis distance at which the 
beam strikes the splitter surface off-axis. With the beam 
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intersecting, the splitter at some arbitrary distance z, the 
beam crossing point was projected into a screen using a micro- 
scopic objective to verify the existance of interference fringes. 
The observed fringes (Figure 5.19) however, were acceptable 
but of poor quality. The poor quality of the fringes can be 
attributed to the fact that one of the beams and hence the 
speckle pattern is transmitted while the other is reflected. 
This gives rise to extra speckle thus reducing the fringe con- 
trast. This problem was resolved by aligning the optical axes 
of the optical fiber and the cube splitter (Figure 5.20). 
When operating in this on-axis geometry the collimated beam 
is actually split into four separate beams. Two beams are 
generated when the beam strikes the splitter surface. Each of 
these beams is then split again by the partially reflecting 
surface of the cube splitter to give four beams in total. The 
geometry of the system causes the beams to overlap forming 
two parallel beams at the beamsplitter exit. In viewing the 
resulting fringe pattern (Ffgure 5.21) the effect of this 
"overlap" is apparent. Many of the dark spaces in the speckle 
pattern were filled in greatly enhancing fringe visibility and 
quality. 
The schematic of this optical geometry as used in this 
work is given in Figure 5.20. The optics and design parameters 
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for the on-axis Prism-FODA are as follows 
Design 
1 
2 
3 
4 
5 
6 
7 
8 
Transmission fiber - Corning graded-index fiber 
Collimating lens  - focal  length = 7.0 mm 
' diameter = 5.0 mm 
50-50 cube beam splitter 15.0 mm x 15.0 mm x 15.0 mm 
Projection - collection lens - focal   length = 50.0 mm 
diameter = 40.0 mm 
Collection fiber -  ITT graded index fiber • 
Parameters 
Wavelength of laser light, A = 514.5 nm 
Effective collimated beam diameter,  D = 3.0 mm 
Measured beam intersection half-angle, (j> = 5.866° 
Beam waist diameter,  d. ^= 2.72 x 10"2 nm 
Diameter of measuring volume, dm = m  coS(j) 
d 
= 2.73 x 10 -2 mm 
Length of measuring volume, zn  = .* = .266 
"        Sinep mm 
One-half the beam separation distance, x = 5.1 mm 
I ox 
Number of fringes in control volume, Nfr = p/p = 11 
The above prism-fiber optic Doppler anemometer was used 
to make measurements in numerous single and two-phase flows. 
The results of these measurements are presented in a later 
section. 
-142- 
A fiber optic collection module was also designed to use 
the above anemometers in the forward scatter mode. The 
schematic of this module is given in Figure 5.22. This module 
is 26 mm in length by 19 mm in diameter. The optics and 
design parameters for this collection module are: 
Optics 
1) Collection fiber - ITT graded index fiber 
2) Collection lens - focal  length = 20.0 mm 
diameter = 15.0 mm 
3) Distance between collection lens and the optic fiber 
<> 
24.7 mm 
Design Parameters 
1) The location of the point of measurement, S, found 
using geometrical optics is 
S = 105.1 mm . 
The fiber optic laser anemometers developed above were tested 
with a two-phase turbulent pipe flow arrangement described in 
the next section. 
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6. Apparatus and Procedure 
6.1 Flow Loop and Test Section 
The general form of the two-phase recirculating flow sys- 
tem is shown schematically in Figure 6.1. The flow loop con- 
sists of a pump, collection tanks, surge tank, piping, test 
section, filtering system, bubble injector and several valves 
a/id flow meters for controlling and measuring air and water 
flow rates. This loop is calibrated for single-phase water 
flows for Reynolds numbers ranging from 2,400 to 50,000 in a 
vertical glass test section 28.0 mm in diameter and 47 diameters 
long. Bubbles are introduced into the flow by forcing air 
through a 6.35 mm tube, containing fifteen .34 mm diameter holes 
located at the base of the test section. By properly adjusting 
the air and water flow rates any one of the three basic flow 
regimes (bubbly, slug or annular) can be achieved. The flow 
meters were calibrated such that the mass flow rates of the 
two-phases and, hence, the quality of the flow could be proper- 
ly determined. A Chromel-Alumel thermocouple in the collection 
tank upstream of the pump was used to monitor the water temper- 
ature. The water temperature was controlled using an immersion 
heater located in the same collection tank as the thermocouple. 
A 5.0ym filter was used to filter out the larger particles in 
the flow. 
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6.2 LDA System 
The general arrangement of the Laser Doppler Anemometer 
(LDA) hardware is shown in Figure 6.2.  It consists of a laser, 
traversing system, optics unit, photomultiplier tube assembly, 
oscilloscope, electronic counter processor and a mini-computer. 
A 5.0 co Argon-ion laser operating at 200 mco and tuned to 
the green line (514.5 nm) was used in this work. The three 
optics units used were the Commercial LDA, D0T-F0DA, and Prism- 
FODA as discussed in the preceeding chapter. The optics unit 
used was mounted on a one-dimensional traversing table so that 
velocity profiles in the test section could be obtained. The 
oscilloscope was used to verify the presence of good Doppler 
signals.  A TSI inc. counter processor was used to convert 
the LDA signal from the photomultiplier tube to a digital 
signal. The data in the form of this 16 bit digital signal 
were recorded and processed by a MINC minicomputer. 
6.3 Anemometer Calibration 
Each of the three anemometers had to be calibrated before 
they can be used to make reliable velocity measurements. Since 
all three of the anemometers used in this work operate in the 
conventional fringe- or dual-scatter heterodyne mode, only the 
initial wavelength of the laser light, A, and the beam inter- 
section half-angle, <j>, need to be known to complete this 
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calibration (see section 2.3.2). The wavelength of the laser 
light is accurately known and therefore only a accurate measure- 
ment of beam crossing angle is required for accurate calibration. 
The commercial system was calibrated by the manufacturer 
for laser light of wavelength 514.5 x 10  mm. The beam inter- 
section half-angle was reported to be 5.51° at this wavelength. 
For a beam diameter of 1.25 mm and the above half-angle, the 
probe volume size is approximately .165 mm in diameter and 1.7 
mm long and contains 64 fringes. 
The beam crossing angle for each of the fiber optic Doppler 
anemometers was determined in the following way. The two in- 
tersecting beams produced by the optics unit were first project- 
ed onto a screen a large distance away.   The  dis- 
tance from the screen to the crossing point and the beam sep- 
aration on the screen were then measured. Knowing these two 
values, the beam crossing angle was determined. The beam in- 
tersection half-angles were measured to be 7.13° for the Dot- 
FODA and 5.866° for the Prism-FODA. 
To determine the reliability of this calibration method, 
the Dot-FODA was used to make velocity versus radius measure- 
ments on a rotating rod. The experimentally measured values 
were compared to the calculated values and found to be in 
excellent agreement (Figure 6.3). The average uncertainty was 
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close to 1 percent. This calibration method was later used for 
other geometries also. 
6.4 Optical Alignment 
6.4.1 Conventional LDA 
The optical alignment of each unit was carefully checked be- 
fore it was used to conduct velocity measurements. When using 
the conventional system, the laser beam was first adjusted to 
be normal to the axis of the test section (Z-axis) and parallel 
to the r-axis of the traversing table. The axis of the beam 
splitter and focusing optical components were then aligned with 
the laser beam. The plane of the two resulting laser beams was 
now parallel to the test section axis, and the bisector of the 
two beams was normal to the Z-axis. This setup was used to 
measure local velocities in the Z-direction at the beam inter- 
section point. Since the backscatter mode was utilized to per- 
form with velocity measurements when using this unit the col- 
lection optics are  already aligned to collect the scattered 
light from the measuring point. The entire optical system was 
rigidly mounted to the r-traversing table, allowing local water 
velocity measurements at any radius of the tube. 
6.4.2 Dot-Fiber Optic Doppler Anemometer 
The alignment of the Dot-fiber optic Doppler anemometer 
was considerably easier due to its modular form. The plane of 
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the two incident laser beams was adjusted so that it was paral- 
lel to the test section axis and the r-axis of the r-traversing 
table. The bisector of these two beams was normal to the Z- 
axis. This optical system was rigidly mounted to the r-tra- 
versing table allowing local backscatter velocity measurements 
of the axial (Z)-component of the bubble velocity. 
The forward-scatter mode was utilized to perform water 
velocity measurements when using this unit. After the light 
focusing optics were properly aligned as described above, the 
light collecting module was focused and aligned to collect the 
scattered light from the measuring point. This collection unit 
was mounted on a one-dimensional slide such that the focal point 
could be translated to various stations along the r-axis to 
maintain proper alignment for all measurements. A schematic of 
this optical arrangement is found in Figure 6.4. 
6.4.3 Prism-Fiber Optic Doppler Anemometer 
In aligning the Prism-Fiber optic Doppler anemometer the 
collimated beam from the optical fiber is first aligned such 
that it is parallel to the axis of the optical bench and normal 
to the primary (Z)-axis of the test section. The axes of the 
beam splitter and focusing lens were then aligned with the col- 
limated laser beam. The plane of the resulting beams were 
parallel to the test section axis, and the bisector of the angle 
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between the two beams was normal to the Z-axis. This optical 
system was rigidly mounted to the r-traversing table. This set- 
up measured local bubble velocity in the Z direction. 
The forward scatter mode was utilized to make local water 
velocity measurements with this optical unit. The fiber optic 
light collection module was employed to collect the scattered 
light. Its alignment was as described above. This two-direc- 
tion light collection arrangement is shown in Figure 6.5. 
6.5 Data Acquisition and Validation 
Each of the optical units described above was used to make 
mean water velocity and r.m.s. water velocity measurements in 
numerous single-phase and two-phase flows. The Dot-FODA and 
Prism-FODA were also utilized to conduct bubble velocity mea- 
surements in two-phase flows of various qualities. 
The data acquisition procedure consisted of the following 
steps: the optical unit was aligned and the air and water flow 
rates were set at the desired values. The laser beams were then 
focused on the outside surface of the near side wall. The 
distance from the lens surface to the wall was measured. The 
measuring volume was moved to the first measurement point. The 
displacement obtained from the r-traversing table was used to 
determine the radial point of measurement. Data collection was 
achieved with the use of an electronic counter processor and a 
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minicomputer. The output of the minicomputer included the 
radial location, the mean velocity and r.m.s. fluctuation in 
the velocity at that point. After the data was recorded, the 
LDA was manually moved to a new point and the above procedure 
was repeated. 
The mean and r.m.s. velocities were computed using 
Buchhave's [6.1] biasing error correction for one-dimensional 
in- 
flows. The mean velocity was given by the following equation: 
U = N 
i=l 
-1 
(6.1) 
where: 
U 
N 
Ui 
fi 
A 
* 
The r.m 
= time-averaged mean velocity along Z-direction 
= number of samples = 500 
fi A 
= instantaneous velocity of each sample = j    . 
= the instantaneous Doppler frequency 
= wavelength of laser light 
= one-half the beam intersection angle . 
,s. fluctuation in the velocity was given by: 
1/2 
u' = V u { ~N   -1       2 E u. ] (u. - UT 
i=l n   n 
N 
z 
1=1 
-1 
(6.2) 
where: 
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U    = time-averaged mean velocity ajong Z-direction  (equation 
(6.1)) 
'i A 
2 sin $ 
u' = r.m.s. fluctuation in the velocity 
U. = instantaneous velocity of each sample = 
N = number of samples 
f-j = instantaneous Doppler frequency 
X    =  wavelength of laser light 
<}> = one-half beam intersection angle . 
The radial position of the measurement point, r, was cal- 
culated by the following equation which was corrected for the 
refraction in water and in glass (Figure 6.6): 
r = D - 
2 
R-M-T ,tan e2 
tan 6j ;J tan 
tan 6 (6.3) 
where: 
'1 
}2 
<j>, the beam intersection half angle in air 
-1 sin d> 
= sin 
= sin"1 ^ 
r = radial position of measuring volume 
t = thickness of tube, 1.8 mm 
R = reference value from r-traversing table, taken when 
beams were focused on tube surface 
M = value from r-traversing table taken at the measure- 
ment point 
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D = tube inside diameter 
N? = index of refraction of window, 1.44 
N^ = index of refraction of water, 1.33 . 
6.5.1 Data Validation Method 
A. Single-Phase Flows 
For measurements in single-phase flows the large particle 
discrimination level was set on the electronic counter processor 
to eliminate large signals corresponding to contaminents or 
particles in the flow which were too large to follow the veloc- 
ity. The number of cycles per burst for a valid signal was 
chosen to be 8. The comparison check was set to 1%, and the 
gain set to obtain a data rate of approximately 50 samples/sec. 
B. Two-Phase Flow 
One of the obstacles in making accurate, reliable velocity 
measurements in two-phase flows is one's ability to discriminate 
between those signals corresponding to bubble velocities and 
those corresponding to liquid velocities. Water velocity 
measurements in two-phase flows were made as follows. A single- 
phase flow of the correct Reynolds number was introduced into 
the test section. The number of cycles per burst, comparison 
check, and samples per second, were then set for the same values 
as in signal-phase flow. The discriminator level of the counter 
processor was then decreased until the sample rate was 
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approximately 30 samples per second. This assured that light 
scattered by bubbles which were to be introduced into the flow 
and, contaminants already on the flow, would not be interpreted 
as liquid phase velocities. Air was then introduced into the 
bubble injector at the desired mass flow rate producing a bubbly 
two-phase flow of known quality and, mean axial velocity. 
The bubble velocity measurements were made as described 
below: After introducing a single-phase flow into the test 
section, the discriminator level, cycles per burst, comparison 
check, and samples per second were set as in single-phase flow. 
The gain was then reduced until the number of samples per second 
went to zero. This insured no water velocity signals were in- 
terpreted as bubble phase velocities. 
The discriminator level was then increased so that all 
large signals would be evaluated. Bubbles were then introduced 
into the flow at the desired flow rate and the mean axial 
velocity distributions measured. Measurements made as a result 
of the above described procedures for liquid and bubbles 
velocities are described in the next section. 
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7.     RESULTS AND DISCUSSION 
7.1 General 
The Dot- and Prism-Fiber Optic Doppler Anemometers (FODA's) 
as described in earlier sections were used to make local mean 
axial velocity and turbulence intensity measurements in single- 
phase and two-phase flows. Single phase flow measurements were 
made in water flows at various Reynolds numbers and two-phase 
flow measurements were taken in air-water bubbly flows at 
various qualities and flow rates. All measurements were conducted 
in the  two-phase recirculating flow loop  described  earlier. 
These measurements were made along a radius of the tubular 
test section at a measuring station located 40 pipe diameters 
downstream of the entrance at a bulk water temperature of 310°K. 
7.2 Single Phase Flow 
To check the operation and accuracy of the Dot- and Prism- 
FODA's, axial mean velocity and turbulence intensity distribu- 
tions obtained using the FODA's were compared to: (i) Emperical 
"power-law" velocity profiles for turbulent flow in smooth pipes 
[7.1], (ii) the classical single phase turbulent pipe flow data 
of Laufer [7.2] and, (iii) Profiles taken with the conventional 
laser velocimeter optics in the same test section and flow 
conditions. 
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7.2.1 Velocity Distributions 
The velocity profile for turbulent flow through a smooth 
pipe can be represented by the emperical "power-law" equation 
i=0-£)Vn (7.1) 
t 
where: 
u = local mean velocity 
U„ = mean center line velocity 
r = radial position 
R = radius of pipe 
n = exponent . 
The exponent, n, varies from 6 to 7 for the Reynolds number range 
4,500 to 11,000. Velocity distributions were obtained in the 
above Reynolds numbers range using the Dot-FODA. These experi- 
mentally obtained profiles are compared to the corresponding 
profiles obtained with the emperical "power-law" equation in 
Figure 7.1 and 7.2, and the agreement is very  good. The accur- 
acy of the optical unit was further tested by comparing the 
experimentally obtained profile at a Reynolds number of 17,000 
to Laufer's classical data taken at a Reynold's number of 50,000 
(Figure 7.3). Despite the difference in Reynolds number the 
agreement is quite good. 
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One other experiment was conducted to assure the accuracy 
of the module. Data obtained with the conventional optics was 
compared to that obtained with the Dot-FODA at several Reynolds 
numbers. The results of these comparisons are shown in Figures 
7.4 through 7.8. The agreement was good in all but the Re=4500 
case. The profiles at that Reynolds number are similar in the 
central portion of the flow (-60% radius). However, significant 
departure can be attributed to velocity gradient broadening 
introduced by the large length dimension of conventional systems' 
measurement volume Um=l-7 mm). This long length dimension 
results in errors in the velocity measurement caused by par- 
ticles from a range of velocities traversing the scattering 
volume in regions of increased velocity gradient. This effect 
is not seen in the data from the Dot-FODA because of the small 
length dimension (£=0.12 mm), which is an order of magnitude 
smaller than that of the conventional system. This effect is 
particularly apparent due to the overall laser velocity variations 
in the core of the pipe at the smaller Reynolds numbers. With 
the accuracy of the local mean velocity measurements made with 
the DOT-FODA thus established, the profiles obtained with the 
anemometer were compared to those taken with the Prism-FODA at 
corresponding Reynolds numbers. As Figures 7.9 and 7.10 demon- 
strate, the agreement was again quite good. 
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7.2.2 Turbulence Intensity Measurements 
The mean axial turbulence intensity distributions obtained 
with the three optical units were compared to the classical pro- 
file of Laufer. Figure 7.11 demonstrates the agreement between 
the Prism-FODA, the conventional LDA and Laufer1s data. The 
distribution acquired with the Dot-FODA is slightly higher in 
the central portion of the flow. Wavefront curvature at the 
beam intersection point was considered as a possible explanation 
for this departure. Since the increase in turbulence was not 
seen across the entire pipe this explanation was refuted. Tur- 
bulence intensity distributions at other Reynolds numbers are 
also presented (Figures 7.12 and 7.13) and show a similar 
discrepency. 
7.3 Two-Phase Flow 
7.3.1 General 
Measurements of local mean axial water and    bubble velocity 
and axial water turbulence intensity measurements made in various 
quality flows      are      presented below.    Flow qualities were 
calculated using equation  (4.6) 
wr X.. =       v
     Vuv 
and, void fractions were approximated using Zuber's  Drift Flux 
Model   [7.3].    All the measurements were made air-water bubbly 
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two-phase flows.     The flow regime was checked in each case using 
Dukler and Taitel's  [4.2TJ transition map,  Figure 4.4,  and were 
well within the limits of the bubbly regime. 
Reynolds numbers reported are those corresponding to the 
single-phase flow before any air was  injected into the flow 
and are referred to as"effective Reynolds numbers". 
7.3.2    Water Velocity Measurements 
To check the reliability and reproducability of the water 
phase velocity measurements, data acquired with the different 
optical  units at various qualities and "effective Reynolds 
numbers" were compared.    A strobe photograph of the bubbly flow 
region of interest is shown in  Figure 7.14.    As  Figures 7.15 
through 7.18 indicate,  the agreement is quite good. 
The effect of quality on the velocity profile is demon- 
strated in Figures 7.19 through 7.23 for various effective 
Reynolds numbers.     In general,  increase in the quality results 
in the velocity profile becoming more uniform.    This increased 
uniformity in the velocity profile is attributed to the increase 
in turbulent mixing  introduced by the presence of bubbles  in 
the flow which cause an exchange of momentum between the regions 
near the axis of the tube and those near the walls. 
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Data taken with the Prism- and Dot-FODA's were compared 
to LDA data taken by Sullivan and Theofanous [4.28] at a similar 
quality and"effective Reynolds number"(Figure 7.24).  In the cen- 
tral portion of the flow (-80% radius) the profiles seem to be 
similar. However, near the wall significant departure is 
observed. Sullivan and Theofanous attribute this departure to 
the higher void fraction near the walls, associated with low 
quality bubbly flows, which "drives" the liquid in a chimney 
effect. This "chimney effect" is not seen in any of the water 
phase velocity profiles taken in this work. Although no 
definitive reason for this discrepancy can be oiven, part of the 
difference may be due to the difference in the "relative diameters" of 
the bubbles'1 injected into the flows in the two experiments. 
7.3.3 Bubble Velocity Measurements 
Accuracy of the bubble velocity measurements made with 
the FODA's using the amplitude discrimination technique described 
earlier was checked by an independent means. Near-wall bubble 
data obtained with the Dot-FODA were compared to those obtained 
with the use of high speed photography using an Instar IV 
system (120 frames/sec). 
The results obtained by the Dot-FODA and photographic 
methods are compared in Table 7.1 and are in good agreement. 
-189- 
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Table 7.1    Comparison  of Vapor Velocities 
by Two Different Methods 
Run Quality DOT-FODA Photographic Error % 
1 2.6 x 10~5 621.1 mm/s 644.3 mm/s 3.6 
2 2.3 x 10"5 651.6 mm/s 667.0 mm/s 1.6 
The above high speed TV data was obtained by following 
bubble positions in several  hundred successive frozen frames. 
The Dot- and Prism-FODA's were used to make bubble velocity 
measurements in flows of varying qualities and velocities. 
Figure 7.25 illustrates the water and bubble velocity 
profiles for the case in which a flow straightener was used at 
the entrance to the test section.     From this figure, it is 
uv 
seen that the local  slip ratio, — ,  varies between 1.3 and 1.4 
l 
over approximately 85% of the tube radius. The dip in the 
bubble velocity profile at r/R ~ .5 is believed to be due to 
the type of flow straightener used here. 
On removing the flow straightener, the dip in the bubble 
velocity profile disappeared (Figures 7.26 and 7.27) and the 
profiles are more parabolic in nature. The slip ratio for both 
has a maximum value of about 1.4 and the bubble velocity has a 
larger profile variation. These are believed to be some of the 
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p 
first local bubble velocity data in two phase LDA measurements. 
7.3.4 Turbulence Intensity Measurements 
The radial variation of axial turbulence intensity, u1, 
obtained with the Dot-FODA at seven different flow conditions 
is shown in Figures 7.28 and 7.29. As expected, the relative 
intensity increases near the wall, and the effect of quality is 
seen to diminish as the wall shear controlled turbulence region 
is approached. An increase in quality is seen to increase main- 
stream turbulence, which is indicative of increased mixing. 
This increased mixing is associated with an increase in momen- 
tum transfer and hence more uniform velocity profiles as seen 
earlier. Such increase in the mixing can be expected to con- 
tribute toward better heat transfer also. 
Figure 7.30 shows the axial turbulent intensity distribu- 
tion obtained with the Prism-FODA for some of the same flow 
conditions as in Figure 7.29. Agreement is reasonable in all 
but the case of zero quality. 
Figure 7.31 is a comparison of the axial turbulence inten- 
sity profiles of this work with those of Sullivan and 
Theofanous [4.28] taken with a conventional LDA at a similar 
quality and Reynolds number. The axial intensities obtained 
by Sullivan and Theofanous are higher than the values obtained 
■195- 
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in the present work. This discrepancy may also be due to the 
different size of the bubbles used in the two experiments. 
Results have been presented here for single phase and 
two-phase liquid and bubble velocity profile in a turbulent 
pipe flow. The data presented here are in general agreement 
with some of the data found in the literature, though some 
discrepancies remain to be explained for the two-phase velo- 
city results. 
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8. SUMMARY AND CONCLUSION 
Fiber optic laser velocimeters capable of making remote 
velocity measurements have been developed here. Data pertain- 
ing to single and two-phase turbulent pipe flows have been 
obtained. Some of the specific conclusions are given below. 
1.  Feasibility tests of multimode fiber-optic links between 
the laser and transmission optics and, the collection optics 
and the photomultiplier in conventional LDA systems were conduc- 
ted. From these tests, the following conclusions are drawn. 
a) Both multimode graded- and step-index fibers can be 
used as coherent optical links in conventional LDA systems. 
b) Graded-index fibers are recommended over step-index 
fibers for use as optical links in these systems for two 
reasons: 
i) Fewer modes propagate, hence less speckle 
and better quality fringes for the purposes of 
dual beam (fringe) mode operation can be obtained 
ii) less modal dispersion and pulse broadening occur 
in the graded index fibers. 
c) The "scribe and break" method of fiber end preparation 
is recommended over the "lap and polish" method because of the 
smaller endface scatterings associated with this method and 
the ease with which it can be performed. 
-201- 
2. Two working optical  geometries of a fiber-optic Doppler 
anemometer have been developed.    They are the Dot-FODA and 
the Prism-FODA.     The advantages and features of the above 
described anemometers are : 
a) Use of optical   fibers for velocity information 
transmission - 
b) Remote velocity measurements  (from laser and detector) 
c) Non-invasive measurements 
d) Measurements with no room for long light paths 
e) Use of miniature optical modules (since a large 
beam splitter is not needed) 
f) Forward and backscatter operation 
g) Measurement of a predetermined velocity component 
h) Linear response to velocity as in conventional LDA 
i) Applicable to single-phase and multiphase flows . 
3. Single-phase mean axial velocity and turbulence intensity 
distributions were measured using the DOT-FODA and Prism-FODA 
in varying Reynolds number pipe flows. The single phase tur- 
bulent pipe flow results here show good agreement between 
present experimental velocity profiles and, i) emperical power 
law profiles, ii) the classical data of Laufer, and iii) pro- 
files obtained with a conventional LDA in the same apparatus. 
■202- 
Comparison of turbulence information shows good agreement 
between the Prism-FODA profiles, the Laufer profiles and the 
conventional LDA profiles. However, the profiles obtained 
using the Dot-FODA are higher than expected. 
4. The FODA's were used to make velocity measurements in two- 
phase flows of varying quality. The results given above show 
that the Dot- and Prism-FODA's , when used in conjunction with 
the data acquisition techniques described here, can be success- 
fully utilized in velocity measurements of the individual phases 
in two-phase air-water flow, in the bubbly flow regime. 
5. The reliability of the two-phase water velocity results 
were verified by comparisons of the data taken by three inde- 
pendent means: the Prism-FODA, the Dot-FODA, and the Conventional 
LDA. The agreement is quite good. 
6. Two-phase water velocity profiles were compared to profiles 
reported in the literature [4.28] at similar qualities and 
"effective Reynolds numbers." Discrepancies in the velocities 
are seen for near wall data. This disagreement is attributed 
to the differences in the "relative bubble diameter" used in 
the two experiments. 
7. Two-phase water turbulence intensity distributions taken 
with the FODA's and the conventional LDA were compared to pro- 
files available in the literature [4.28]. 
•203- 
$ 
The agreement between the FODA's and the conventional 
system were quite good. However, the profiles from the litera- 
ture were higher than the present experimental values. This 
discrepance may also be attributed to the difference in "rela- 
tive bubble diameters" used in the two experimenta. 
8. The resulting turbulence information indicates an increase 
in mainstream turbulence with increasing flow quality. This 
increase in turbulence is associated with increased mixing and 
hence better momentum transfer, manifesting itself in a more 
uniform velocity profile. 
9. The accuracy of bubble velocity measurements were verified 
by comparing near-wall velocities obtained with the Dot-FODA 
with those obtained with the use of a high speed television 
system. The average uncertainty was less than 4 percent. 
10. The results given here show that the slip velocity could 
indeed be measured without actually disturbing the flow. The 
maximum local slip ratio (u /u ) obtained was approximately 
1.4, at a quality of about 8x10 . 
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